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ABSTRACT

GER 11502

The feasibility of a gravity-gradient stabilized, lenticular satellite

for passive communications was established. Studies were based upon a

ienticular reflector, having a 200 foot radius of curvature, which would

provide horizon to horizon communications coverage at an orbital altitude

of 2000 nautical miles. Key elements of the study, conducted in four

phases, consisted of satellite stabilization, damping systems, orienta-

tion, microwave reflectivity, structural analyses, and the development

of materials, packaging, and deployment concepts. Component and model

tests were conducted to verify deployment concepts, microwave reflectivity

theories, material photolyzation rates, and material and structural

tests which did not require a zero gravity environment. Phase I con-

sisted of analytical studies of the satellite and a scaled model suitable

for flight evaluation using a Scout launch vehicle. Phase II, conducted

concurrently with Phase I, consisted of ground tests. In Phase III,

preliminary designs of the flight-test model were evolved, and in Phase

IV, a ground and flight test prog_em va_ prepared.

, !
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FOREWORD \
\

This report covers the feasibility study and preliminary design of a gravity-

gradient-stabilized lenticular test satellite performed by Goodyear Aerospace

Corporation (GAC) from July 1963 through March 1964. The technical objec-

tives and contract requirements were based on NASA, Langley Research Cen-

ter (LRC) Statement of Work L-3308 dated l0 June 1963 which comprised the

original scope of Contract NAS 1-3114.

The work was administered by the Applied Materials and Physics Division of

LRC under the direction of W. E. Bressette, Program Manager, and D. C.

Grana, Project Engineer, from the Spacecraft Applications Section.

F. J. Stimler of the Space Systems Division was the GAC Project Engineer

with H. E. Henjum as Associate Project Engineer. The work was conducted

as a cooperative effort by personnel from several divisions within GAC for

the various specialties listed below:

Design

Material Development

Stabilization Orientation

Structural Analysis

Fabrication

Microwave Analysis

Testing

Instrumentation

R. R. Carman

R. W. Nordlie

W. B. Cross

P. F. Myers

A. C. Buxton

D. E. Campbell

K. Losch

E. Rottmayer

J. D. Marketos

D. R. Thompson

L. D. Barnett

F. Fischer

R. I. Scoville, Jr.

J. C. Kryah

-iii -
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Reliability

Ground Test Plan

Flight Test Plan

Planning

Contract Administration

H. E. Whisler

J. B. Wright

D. T. Wight

J. B. Boughton

A. F. Tinker

Philco Western Development Laboratories of Palo Alto, California, were sub-

contracted for digital computer support in analyzing the satellite transient and

steady-state libration characteristics.

i

.p .
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SECTION I - INTRODUCTION

Goodyear Aerospace Corporation conducted a feasibility study and prelimi-

nary design of a gravity-gradient-stabilized lenticular test satellite for the

NASA, Langley Research Center (LRC),in accordance with Contract NAS 1-

3114.

This interim report covers the work of the original contract. Several con-

tract amendments have been made for additional work in related areas; how-

ever, these efforts will be documented separately. A short document will be

prepared at the end of the complete contract to summarize the total effort. It

will be suitable for wide distribution of the technical information.

The original contract effort was basically of nine-month duration as shown in

Figure I. The four-phase program was oriented so that LRC approval could

be obtained at the end of six months, prior to initiation of Phases IIl and IV.

Program documentation requirements are shown in Figure I. Additional tech-

nical and background information can be obtained from the Goodyear Aerospace

proposal l,a submitted for this program and the NASA contract. Z

The program philosophy in Phases I and II was first to consider the concepzuai

design of a full-scale satellite (Figure Z) to establish design factors and sec-

ond to design a test satellite system for the Scout launch vehicle. Ground

tests of materials and models were conducted to validate design decisions.

Several small models were designed, fabricated, and tested during the first

two phases of the program. A major milestone of these phases was the de-

livery of two 20-ft-diameter inflation models to LRC for general deployment

and inflation tests by NASA in the LRC 60-ft-diameter vacuum sphere.

Key elements considered in establishing a meaningful small-scale model test

at-.

ouperior ,,,_.,,_=_u_--=in +_o..._+o,,_._.......r_fer to items in the List of References.
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w
Q
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Figure Z - Schematic of Full Scale and Flight Units of Gravity-
Gradient-Stabilized benticular Satellite
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were stabilization and orientation systems, including damping methods; satel-

lite deployment; satellite r-f reflectivity characteristics; packaging methods;

design tolerances; fabrication techniques; and the effects of perturbing forces

on satellite performance. In general, emphasis was placed on analysis of the

Rice-Wilberforce damping system and the use of the wire mesh, photolyzable

film materials in the construction of the satellite lens and related compo-

nents because they showed many advantages over other available methods and

materials. Program results have substantiated this choice of damper and

lens material as being very suitable for the satellite design under considera-

tion.

Phase Ill consisted of the preliminary design of the spacecraft and formulation

of ground tests that would qualify the components, the subsystems, and the

instrumentation. Phase IV was for preparation of the flight test program plan

for establishing the performance characteristics of the flight test satellite.

This included such items as launch requirements, launch support, and flight

and ground instrumentation that would be needed to acquire the performance

and stabilization data.

-4-
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SECTION 51 - SUMMARY

I, GENERAL

A review is presented of some of the items of major interest to consoli-

date the fundamental information that was generated during the program

and to emphasize the achievements in the critical technical areas. In

some cases complete solutions of the technical problems were available

while in othersnew problem areas were pinpointed. Inall cases however,

solution of the technical problems is considered to be within the grasp of

the next development phase, the flight test program.

Phases 5 and 55 of the program consisted of concurrent six-month design

studies and detailed ground tests of lenticular satellite materials, com-

ponents, and numerous models. Structural analyses and corroboratory

tests were made to substantiate design decisions. Studies were also

made in related areas of stabilization, orientation, reliability, instru-

mentation, materials development, and radio reflectivity to supply further

technical design information. Successful deployment of :a 20-ft-diameter

model in the NASA-LRC vacuum chamber substantiated the design concept.

Phases III and IV were concurrent three-month studies of preliminary

spacecraft design and ground and flight test planning for a satellite sys-

tem development program. A master program plan was prepared to

correlate model and test requirements. Deliveries were based on re-

alistic lead times established for material procurement, tooling, fabrica-

tion, and model checkout, based on past experience.

Zo DESIGN ANALYSES

Theoretical and experimental investigations of Phases I and II resulted in

similar lenticular satellite designs for the Z67-ft-diameter full-scale unit

(see Figure 3). and the 50-ft-diameter flight-test unit (see Figure 4).

These figures include definition of the materials involved and miscella-

neous key design information. Further information can be obtained from

-5-
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VISCOUS DAMPER- 100 LB _[_]

HYSTERESIS DAMPER

2D-IN. DIAMETER SPRING

30-MIL BERYLLIUM-COPPER WIRE

4-MIL CADMIUM PLATE

NICKEL- PLATE PROTECTION

S0 DEG HELIX

DE PLOY-SUBLIMING MATERIAL-

90 FT _+ 30 FT

51 L_B

3 BOOMS AT

120 DEG

LENS CAPS

LENS RADIUS- 200 FT

INCLUDED ANGLE -84 DEG

COPPER WIRE MESH- 1.0 MIL x 21 x 21

0.5-MIL, PHOTOL.YZABLE FILM

WITH FILM - 552 LB

WITHOUT FILM- 199 LB

I
TORUS DIAMETER- 7.8 FT, 117 L,B WEIGHT

1-MIL, PHOTOLYZABLE FiLM

RIM HEIGHT- 8.0 IN.

2-MIL BERYLL,IUM-COPpER MATERIAL-

103 L,B WT

BOOM 3 IN.-DiAMETER

1-MIL MYL,AR TUBE WtTH

ALUMINUM WIRE MESH- 2 MIL x 2 x2

10 L,B WT

I

//

// 102 FT

\\ t

3 BOOMS AT

120 DEG

300 FT

m

191 FT

LENS DESIGN PRESSURE - 0.000316 PSIA

TORUS DESIGN PRESSURE o0.1678 PSIA

LENS ORIFICE - 0.309-1N. DIAMETER

TORUS ORIFICE - 1.267-lN. DIAMETER

90 GORES PER LENS CAP

20-MIL- DIAMETER DEFLATION HOLES

LENS--TWENTY PER SQUARE FOOT

TORUS--ONE PER SQUARE FOOT

Figure 3 - Design Summary of Full-Scale Lenticular Satellite
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VISCOUS DAMPER - 11 LB _E_

%
HYSTERESIS DAMPER

6.EPIN. DIAMETER SPRING

6-MtL BERYLLIUM-COPPER WIRE

4-MIL CADMIUM PLATE

NICKEL PLATE PROTECTION

30-DEG HELIX

DEPLOY-SU BLIMiNG MATERIAL

27 FT +- 9 FT

11.5 LB

9 BOOMS AT

120 DEG

LENS CAPS

LENS RADIUS - 37.4 FT

INCLUDED ANGLE - 84 DEG

COPPER WiRE MESH - 1.2 MIL x 21 x 21

0.6-MIL PHOTOLYZABLE FILM

WITH FILM- 25 LB WEIGHT

WITHOUT FILM- 10 LB WEIGHT

TORUS DIAMETER - 19.5 IN.

1-MIL MYLAR

6-LB WEIGHT

RIM HEIGHT - 3.0 IN.

2 MIL BERYLLIUM-COPPER MATERIAL

7 LB WEIGHT

BOOM DIAMETER- 2 IN.

1-MIL MYLAR TUBE WITH

ALUMINUM WIRE MESH- 2 MIL x 2 x 2

0.5 LB WEIGHT

II 19.4 FT

\\
I

56.5 LB

50 FT

3 BOOMS AT

120 DEG

42 FT

22 FT

l

LENS DESIGN PRESSURE - 0.002437 PSIA

TORUS DESIGN PRESSURE - 1.047 PSIA

20-MIL-DIAMETER DEFLATION HOLES

LENS- FOUR PER SQUARE FOOT

TORUS- ONE PER FIVE SQUARE FEET

/

LENS ORIFICE- 0.10-IN. DIAMETER

TORUS ORIFICE - 0.492-1N, DIAMETER

40 GORES PER LENS CAP

Figure 4 - Design Summary of Flight-Test Model of Lenticular Satellite
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the appropriate sections of the report. The weights and inertias of the

satellite designs are summarized in Table I.

The metal rim located on the inner diameter of the torus maintains lens

acGuracy during the rigidization process wherein the lens is pressurized

to yield the metal wire of the mesh-photolyzable-film lens material. The

metal rim makes it necessary to roll up the collapsed lens and torus sur-

faces during the initial phase of packaging rather than to use a conven-

tional accordian fold. Model deployment tests under ambient and vacuum

chamber conditions have shown that this packaging method is acceptable.

For the full-scale satellite, torus inflation to design pressures is com-

pleted in five minutes followed by lens inflation in another five-minute

period. The lens is maintained at design pressure for two minutes and

the torus for four minutes during the rigidization process, which is started

ten minutes after the beginning of torus inflation. Automatic pressure

relief is accomplished through evenly distributed holes that are made in

the torus and lens surfaces to minimize destabilizing moments that might

result from uneven gas discharge. Sufficient helium gas is provided to

allow for leakage through the depressurization holes during the inflation

period and through punctures that might occur from micrometeoroids.

A_ si_i1_ _nflation system is provided for the 50-ft-diameter flight-test

unit. Initiation of satellite deployment is controlled to ensure proper

attitude orientation within the gravity-gradient constraints of the design.

A two-step yo-yo despin method is utilized to minimize residual spin of

the payload prior to deployment.

Structural analyses of the static and dynamic conditions indicate that no

major problem areas should be encountered utilizing available materials

and proven fabrication techniques. Analysis indicates that the lens radius

of curvature can be held to within ±I percent for both the full-scale and

flight-test units, particularly if manufacturing tolerances and lens pres-

sures are given careful attention. More model construction and test data

-8-



SECTION II - SUMMARY GER- 1150Z

<

!

<

I

IJ

u_ _

¢_ •

O
U_ .......
N u_

....... ¢'.)-43

....... ......
i

+ -4t-
..O ,.O

OO

OQ

oo ....... XX ......
>.4 u', t-- ....... Nr'- ...... :

+ 41-
•_ ,4o,.o

....... OO

_+Oo= --i _ o ........
• ooo- XX

+ -_-
¢_ .4O ,.O

O_ _ +_ OO ....... OO_,-._ ......
00o', ×X

,_ o_
_u_ N ,.-._

A

_ o_ o . o o • o o
- U

_ 0

0 0 0 un 0 00 0 0 0 0 0 0 0

• _ _ e_ N

• _ o_ "_¢ cO 00 F'- r_ N 0
,--, _ O'. 00 .O_

r-- N

_J

0

o_

+

0

4t-

-9-



SECTION II - SUMMARY GER- 1 1502

are needed to verify whether local radius of curvature variations of less

than ±30 percent of design spherical radius and maximum surface dis-

continuiti:es of less than 0. i0 in. ,.peak to valle,y, for any square foot of

inflated lens surface are realistic. Programs are under way at the pres-

ent time toward further definition of surface tolerances of representative

satellites.

Preliminary theoretical investigations show that the Rice-Wilberforce

damper will be satisfactory for the lenticular satellite under considera-

tion. The proposed design utilizes hysteresis damping in a coil spring

during the elongation process and viscous damping in an end weight dur-

ing the rotational motion imparted by the spring elongation. Proper tun-

ing of the damper components is being studied to optimize the design.

The compatibility of the flight test satellite With the Scout-vehicle is based

on Figure 5. Additional detailed design:analysis of the sateillite;might in-

dicate the need for a larger booster, possibly in the Thor-Delta category.

GAC performed preliminary reliability studies and statistical analyses

to establish reliability requirements and goals for the satellite system.

During this limited effort emphasis was placed on minimizing system

complexity, maximizing the use of design state-of-the-art, and incor-

.... _=^_ _¢ _=A,indancv where needed. Techniques were discussed with

cognizant NASA-LRC personnel to improve the effectiveness of data pre-

sentation and to fulfill NASA over-.all reliabi,lity requirements, for a space

vehicle system.

. MODEL SCALING CONSIDERATIONS

The major goal of the program was to show the feasibility of simulating

technically the full-scale gravity-gradient-stabilized lenticular satellite

by ,a flight-test model experiment.

Many scaling parameters must be considered when designing a relatively

small flight-test unit so that the results of the experiment will give good

-lO- ' ,.
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correlation to the dynamic and operational characteristics of a large full-

scale passive communication satellite.

A fairly complete analysis indicated that it will be advisable to maintain

the lens included angle of 84 deg between models rather than the 200-ft

radius of curvature of the radio-reflecting lens surfaces. Geometric

similarity was maintained for the 5-ft-diameter test models and the 20-

ft-diameter deployment models (see Figure 6) to correlate correctly fab-

rication, packaging, and deployment characteristics between models.

By maintaining satellite geometric similarity the fabrication techniques,

gore patterns, component tolerances, packaging methods and volumes,

deployment methods and forces, and r-f reflectivity are representative.

The flight experiment goals are to investigate the major problems antici-

pated with the full-scale satellite, to verify theory with experimental data,

to check the suitability of the gravity-gradient stabilization system, and

to corroborate r-f theoretical predictions. By maintaining geometric

similarity between model and full scale, the forces and component ioad-

ings are predictable because the structural theory and test methods cor-

respond. In the stabilization and orientation area theoretical predictions

of the flight-test model dynamics can be verified experimentally and, once

modified _hcrcver necessary, can be applied readily to the full-scale sat-

ellite if the proper inertia ratios are maintained. Geometric similarity

is necessary in the r-f area to keep the r-f returns representative and

pre.dictable, based on simplified model tests.

The differences in r-f return for the flight-test model and the full-scale

satellite can be determined readily by correcting for the lens radii of

curvature and the flight altitudes because the r-f return, _ varies as

the square of the lens radius of curvature, p, and inversely as the fourth

power of the altitude.

Maintaining model similarity should enhance reliability predictions for

the full-scale satellite and show logically when controlling instrumenta-

tion will be advisable on the basis of flight-test model results. Ground
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\

Figure 6 - Five= and Twenty-Foot=Diameter Mylar Deployment Models
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test procedures for these units will be representative. Flight-test pro-

cedures will, however, be booster and launch area dependent.

4. R-F REVIEW

Theoretical predictions of nose-on monostatic r-f returns indicate that

21.5-db variations can be expected within the ±i. 5-deg region from the

satellite centerline. This variation is due to edge diffraction phenomena

resulting from the lens edge radius being considerably smaller than the

wave length of interest: (Frequency range is 2, 000 to 10,000 inc.) The

general operational picture is shown in Figure 7. The troublesome areas

of Cases 1 and 2 are of no particular interest operationally. Cases 3, 4,

and 5 are considered representative for both in-plane and out-of-plane

eqdipment locations. For this reason, until some bistatic tests are con-

ducted, indications are that the present satellite design concept has satis-

factory r-f characteristics for the general operational areas to be con-

sidered.

-14-
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SECTION III - TECHNICAL DISCUSSION - PHASES I AND II

Subsection One - Design Considerations

o GENERAL

The design objectives of Phases I and II were to:

I. Establish the configuration design of a full-scale satel-

lite including such factors as weight and inertia, pack-

aging arrangement, packaging volume, deployment,

configuration geometry, r-f characteristics, and struc-

tural integrity.

Z. Establish the configuration design of a flight-test satel-

lite, approximately 50-ft-diameter and capable of launch

on a Scout vehicle, that will prove functional feasibility

and produce meaningful test results in support of the

full- scale satellite.

3. Des n, Iabricate, anQ cll::--v_J.: a. ,.,v ......... ,___,

ment model, to be deployable in a vacuum chamber in

support of the full-scale and flight-test configuration

designs.

4. Design, fabricate, and deliver a breadboard inflation

system to be used for the vacuum deployment of the 20-

ft-diameter model.

5. Design and fabricate small-scale models as required

in support of packaging and deployment studies.

A summation of the work done in support of the above objectives follows.

Supporting analyses, trade offs, and material development accomplish-

ments are cove'red in subsequent subsections and sections of this report.
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?.o

Figure 8 summarizes the various model configurations that were perti-

nent to the design effort under Phases I and II.

FULL-SCALE SATELLITE

a. Conceptual Design Study

The general arrangement of the full-scale satellite is shown in Fig-

ure 9. Table II lists the weight and volume requirements of the sys-

tem by components. The satellite consists of a lenticular lens

bounded by a peripheral rim-torus and two displaced masses, each

supported from the rim by a tripod structure.

The lenticular lens is comprised of two spherical segments with sur-

faces of ?.00-ft radius. The lens diameter is ?.67.6 ft.

The lenticular lens surface is fabricated of 0.5-rail photolyzable

film cast on a l-mil copper wire plain-weave mesh (?.I wires per

inch). The film surface is perforated to allow bleed-off of resi-

dual gases prior to deployment, with approximately twenty 0.0?.0-

in.-diameter holes per square foot. These holes also provide auto-

matic pressure relief of the system. The inflation of the entire

system elongates the mesh beyond its yield point to rigidize the

lenticular surfaces. After suOiima_ion uf ....L_ l_.,,_v_j_--_^l.... _.1_ _ h_l--

rier this screen, brazed to the lens rim, forms the reflective sur-

face of the satellite.

The two spherical segments are interconnected through a metal rim

of collapsible cross section (see Section E-E of Figure 9 and Fig-

ure 10). The rim is made of ?.-mil beryllium copper with two hinged

joints, 180 deg apart, to permit proper packaging of the system. To

package the system, the rim cross section is flattened and then

coiled on a storage drum. The important consideration is not to ex-

ceed the proportional limit of the material, with the stresses im-

posed by flattening and coiling and through deployment of the system,

so that the structural _ection ;.._11 _,, _ established after deployment

-18-
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TRIPOD BOOM

/DAMPING SYSTEM
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)RUS ONLY
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)R GAC DEPLOYMENT TESTS

)R STRUCTURAL EVALUATION

)R FOLDING AND PACKAGING TECHNIQUES EVALUATION

STATUS

FINAL CONFIGURATION, FIGURE 9

FINAL CONFIGURATIONt FIGURE 13

DELIVERED TO NASA

DELIVERED TO NASA

TESTED TO DESTRUCTION

TESTED TO DESTRUCTION

DELIVERED TO NASA

TESTED TO DESTRUCTION
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STILL AVAILABLE

_'" .... 8 - c ......... ¢ _n,_a,_l Co_n_figurations
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Figure 9 - General Arrangeme_nt, Full-Scale Lenticular Satellite
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TABLE II - FULL-SCALE SATELLITE SYSTEM

WEIGHT AND VOLUME

Component

Control electronic system

Radio beacon

Sequence control

Power control and regu-
lation

Damping system

Viscous damper

Spring

Damper cover and sup-

port

Structure and hardware

Canister shell

Mounting brackets

Satellite

Lens with film

Lens without film

Photolyzable torus

Rim

Booms

Inflation system

Gas bottle

Gas (helium)

Gas valves and hard-

war e

Separation system

Total

Weight (lb)

Orbit

18

115

92

312

216

Unit

18

1

2

15

115

100

5

10

92

8O

12

78Z

552

77

117

103

10

233

191

17

Z5

10

1250

Launch

5

758

Volume

(cu in. )

372

65, Z00

3, 000

68,572
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/
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"'"'" LENS

/

/ R IM

Figure i0 - _u"-__--;_,l__at_,_Rim___Functional Schematic
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The rim also provides the three structural attachments for the tri-

pod booms that support the gravity-gradient masses.

The effective lenticular lens and metal rim are encircled by a torus

of 7.83-ft-diameter cross section and 275.43-ft pitch diameter. The

torus is inflated first, to unfurl the packaged lens surfaces, and is

maintained under a relatively high pressure to support the erection

loads that are imposed during pressure yielding of the lens surfaces.

The torus is made of 1-mil photolyzable film material and has a

series of compartments interconnected by sized orifices so that its

cells will inflate in sequence to control the deployment of the over-

all system (see Figure 11) and to prevent buckling of the metal rim.

The torus surface is perforated with approximately one 0. 020-in. -

diameter hole per square feet to allow bleed-off of residual gases

prior to deployment. After deployment of the entire satellite the

photolyzable torus material will sublime, leaving the metal rim as

the structural interface for the lens caps and tripod booms.

Two masses, one on each side of the lenticular shape, are supported

at the apexes of tripod booms. These masses are used as gravity-

gradient weights and consist of the packaging canister halves and

fixed equipment such as inflation system, damping system, and

cpntrol and electronics elements.

The individual elements of the tripod booms are 3-in. -diameter

tubes of l-rail Mylar laminated to 0.5-in. square mesh aluminum

wire Z-mil diameter.

The inflatable elements of the satellite are packaged in a 50-in. -

diameter spherical canister which, at deployment, separates at its

equator. A screen-type liner is spaced off the inner surface of the

canister to permit passage of entrapped air to an evacuation valve.

This valve is used for initial pump-down of the canister and is sole-

noid controlled to be opened at orbital altitude to stabilize pressures

prior to deployment.
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O SATELLITE COILEI)

/ INSIDE CANISTER | _

TORUS /

V

Figure ! ! -Full-Scale Satellite Deployment Sequence
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b°
m

The earth-side canister half, when considering satellite-stabilized

attitude, provides the mounting interface of the inflation system com-

ponents, the communication system components, and the electrical

system components. The opposite canister half provides the mount-

ing interface for the damping system.

Inflation and Deployment System

Prior to initiation of the deployment sequence it is mandatory that

entrapped air be evacuated from the satellite envelope and also from

the canister. A two-step process will be used to accomplish the

evacuation. First, partial evacuation will be effected on the ground

by pumping down the canister and sealing it. Second, the canister

will be vented in the orbital atmosphere for further evacuation. A

solenoid-actuated valve will be mounted in the canister shell and fixed

to initiate the second step at the proper time. The satellite skin will

be perforated to allow entrapped air to escape during this period. The

time required to carry out the above process successfully will be de-

termined.

To effect successful satellite deployment, a sequential order of ele-

ment inflation will be required, first the booms and torus and then

th_ lens. with the torus remaining pressurized during lens inflation.

Likewise an orderly pressure relief sequence will be required to

preclude the possibility of uncontrolled exhaust gas upsetting the sys-

tem dynamics. After the deployment has been completed, the gas in

the lens and torus will exhaust through the perforated surfaces, thus

effecting uniform depressurization.

Deployment will be effected by helium gas inflation. The gas system

and its controls are shown schematically in Figure 12. At the pre-

determined gas pressure, the grid-wire element of the lens skin will

exceed its yield strength and rigidize. The system is based on the

following data:
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lo

Z.

Torus

a. Volume

b. Surface area

c. Surface perforation

d.

e.

f.

Lens

a.

b.

C.

Pressure required

Inflation time to pressure -

Inflation hold time

Volume

Surface area

Surface perforation

d. Pressure required

e. Inflation time to pressure -

f. Inflation hold time

- 41, 700 cu ft

- 21, 300 sq ft

- One hole,O. 020-in-

diameter per sq ft

- O. 168 psia

5 min

9 rain

3,070,000 cu ft

129,000 sq ft

20 holes,O. 020

diameter per sq ft

O. 000316 psia

5 rain

2 rain

Based on above data the helium provided will weigh 17 lb, which is

133 percent of the calculated requirement. The pressure vessel will

be a toroid and will weigh approximately 191 lb.

A complete analysis of the system as summarized herein is included

in Subsection Two.

A test program will be developed to evaluate and verify the proposed

deployment system capability. This program will include:

1. Air evacuation on a test envelope to demonstrate

effectiveness of both skin perforation and soaking

time versus entrapped air remaining

2. Individual component testing to demonstrate ability

to carry out assigned functions in a simulated low-

pressure and low-temperature environment.

3. Simulated system tests in a low-pressure chamber.
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Special tests to demonstrate sensing capability and

also the deployment concept will be developed.

, FLIGHT -TEST MODE L

a. Conceptual Design Study

The test satellite is designed to be launched with the Scout vehicle

and will be packaged within the envelope of an Echo I canister. The

.general arrangement of the flight-test satellite is shown in Figure

13. Table III lists the weight and volume requirements of the sys-

tem by components. The satellite design consists of a lenticular

lens bounded by a peripheral rim-torus and two displaced masses,

each supported from the rim by a tripod structure.

The lenticular lens will be comprised of two spherical segments with

surfaces of 37. 36-ft radius and a lens diameter of 50 ft.

The lenticular lens surface will be made of 0.6-rail photolyzable

film, cast on a 1.2-mil copper wire plain-weave mesh (Zl wires per

inch). The film surface will be perforated, to allow bleed-off of

residual gases prior to deployment, with approximately four 0. 020-

in. diameter holes per sq ft. The inflation of the entire system will

_I......... _: .... _-_-..... _ +_,_,,_1_ _nint of the screen to ri_idize

the lenticular surfaces. After sublimation of the photolyzable gas

barrier, this screen, brazed to the lens rim, will form the reflec-

tive surface of the satellite.

The two spherical segments will be interconnected by a metal rim

of collapsible c_s section. (See Section B-B of Figure 13.) The

rim will be made of Z-rail beryllium copper and will include two

hinged joints, 180 deg apart, to permit proper packaging of the sys-

tem. The rim also will provide the three structural attachments for

the tripod booms to support the gravity-gradient masses.
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Figure 13 - Lenticular Satellite, 50-FL Diameter, General Arrangement
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TABLE III - FLIGHT-TEST SATELLITE SYSTEM

WEIGHT AND VOLUME

Component

Control electronic

Telemetry system

Sequence control

Power control and regu-
later

Damping system

Viscous damper

Spring and subliming
material

Damper and payload sup-

port ring

Structure and hardware

Canister shell

Mounting brackets

Satellite

Lens with film

Lens without film

Torus

Rim

Booms

Inflation system

Gas bottle

Gas (helium)

Gas valves and hardware

Despin system

Weights and cables

Support structure

Weight (Ib)

Unit

10.5

3.0

9.5

11.0

2.0

1.2

15.0

13.0

25.0

10.0

6.0

7.0

0.5

ii.0

1.0

5.0

Launch

23.0

14.2

28.0

38.5

17.0

3.5

Orbit

23.0

13.0

28.0

23.5

16.0

2.8

Package
Volume

(cu in. )

8OO

3,500

400
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TABLE Ill - FLIGHT-TEST SATELLITE SYSTEM

WEIGHT AND VOLUME (Continued)

Component

Separation system

Scout "E" section assem-

bly (revised)

Adapter ring

Total

Unit

11.4

1.1

_Weight (lb)

Laun ch_

12.5

136.7

Orbit

106.3

Package
Volume

(cu in. )

4,700

The effective lenticular lens and metal rim are encircled by a torus

section with a 19.54-in. -diameter cross section and a pitch diameter

of 51.63 ft. The torus will be inflated first, thereby unfurling the

packaged lens surfaces, and will be maintained under a relatively

high pressure to support the erection loads imposed by pressure

yielding the lens surfaces. The torus is fabricated from l-rail Mylar

and has a series of compartments interconnected by sized orifices so

that the cells inflate in sequence to control the deployment of the

over-_=_!! _ystem (see Figure 14) and to prevent buckling of the metal

rim. The torus surface is perforated with one 0. 020-in. -cilamet=z

hole per 5 sq ft to allow bleed-off of residual gases prior to deploy-

ment.

Two masses, one on each side of the lenticular shape, are supported

at the apexes of tripod booms. These masses are used as gravity-

gradient weights and consist of the packaging canister halves and

fixed equipment such as inflation system, damping system, and

control and electronic elements. The individual elements of the

tripod booms are Z-in. -diameter tubes of l-mil Mylar laminated to

0.5-in. square mesh aluminum wire, Z-rail diameter. The inflatable

elements of the satellite are packaged within the volume of a 24-in.
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Figure 14 - Test Satellite Detailed Deployment Sequence
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major diameter spheroid canister which, at deployment, separates

at the equator. A screen-type liner is spaced off of the inner surface

of the canister to permit passage of entrapped air to an evacuation

valve. This valve is used for initial pump-down of the canister and

is solenoid controlled to be opened at orbital altitude to stabilize

pressures prior to deployment.

The earth-side canister half, when considering satellite stabilized

attitude, provides the mounting interface of the inflation system com-

ponents, the communication system components, test equipments,

and the electrical system components. The opposite canister half

provides the mounting interface for the damping system.

Inflation Sy stem

The flight-test satellite inflation system is functionally the same as

the full-scale model,

data listed below:

1. Torus

a. Volume

b. Surface area

c. Surface perforation

Z°

except as shown in Figure 15 and noted in the

Pressure required

Inflation time to pressure -

Inflation hold time

d.

e.

f.

Lens

a. Volume

b. Surface area

c. Surface perforation

d. Pressure required

e. Inflation time to pressure -

f_ Inflation hold time

- 337.6 cuft

- 830 sq ft

- One hole, 0.02.0-in. -

diameter per 5 sq ft

-.i. 047 psia

2. rain.

6 rain.

20,257 cuft

4,510 sq ft

Four holes,0. 020-in. -

diameter per sq ft

0. 002437 psia

2 rain.

2 rain.
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Figure 15 - Flight Test Inflation System Schematic
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Based on above data i Ib of helium is provided which is 150 percent

of the calculated requirement. The pressure vessel will be a toroid

and will weigh approximately Ii lb. A complete analysis of the sys-

tem, as summarized herein, is included as part of Subsection Two.

. DEPLOYMENT MODELS AND TESTS

a. General

A requirement of the contract was to deliver a Z0-ft-diameter deploy-

ment model for vacuum deployment and an inflation system bread-

board to be used with the model. The contract also provided for

small-scale models to be built as required in support of the deliver-

able item. To this end one 6- and three 5-ft-diameter models were

fabricated. The 5-ft-diameter models (torus) were dimensionally

scaled to the design of the full-scale torus (which has subsequently

been changed as part of the final design studies). The 6-ft model

was not dimensionally scaled and was built from existing tooling to

get an early evaluation of the deployment concept.

As previously noted, it is of primary importance to have an organized

deployment of the torus to prevent local failures (buckling) of the

____et__!_m crnss section. This consideration and the assurance that

there will not be any locking and subsequent tearing of the films due

to packaging forms have been the dominant factors in the deployment

work performed to date. Although packaging and deployment have

not been optimized, reasonable and satisfactory solutions have been

adequately demonstrated. Abrief history and results of this work

are given below.

Early testing proved that, with the relatively low pressure differ-

entials involved, successful deployment of the torus element could

not be effected on a table surface (including one coated with soap-

stone) because of friction due to gravity. All subsequent testing,
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b*

m

C.

m

and results reported herein, was performed on awater surface,

which effectively reduces friction due to gravity, and is therefore

more representative of a gravity-free condition.

Six-Foot-Diameter Deployment Model

The 6-ft-diameter torus (Z. 375-in. cross-sectional diameter) was

fabricated from l-rail Mylar and included a 5-rail stainless steel

rim with two mechanical hinges approximately 180 deg opposed.

Figure 16 shows the approximate manifolded bulkhead arrangement

and the folding technique that was used.

Test data were not recorded but the model was deployed successfully

and served as a basis for the work that followed.

Five-Foot-Diameter Deployment Models

(i) General

Several five-foot-diameter deployment models, itemized in Fig-

ure 8, were fabricated and tested. Such parameters as number

and location of bulkheads, bulkhead hole size, method of pack-

aging, and deployment time were varied to determine design

characteristics. Figures 17 and 18 show the final configuration

used. Figures 19, 20, and 21 are photographic records of the

testing. Also 16-ram film strips of some of the d=plvyn_cnt

tests are available.

(2) Fabrication and Tooling

(a) Torus

The tool used for the five-foot model was a solid-steel form

representing half the torus cross section and slightly more

than one-fourth of the torus circumference. A hollow form

might have been better but time and cost favored a solid

section. The tool shown in Figure 22 was used for both

forming and assembly of the model torus. Each piece form-

ed on Lhe tool comprised 0ne-eighth of the complete torus.
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SOLID BAFFLE HINGE A MANIFOLD
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15 DEG' _111 j

_-1_.

TWO 0.06-1N.-DIAMETER HOLES

45 DEG MANIFOLD

TWO 0.06-1N.-DIAMETER HOLES

HINGE B

\

SOLID BAFFLE

INFLATION VALVES

>..

A _NGE A

GEB

RIM

A-A

APPROXIMATELY
HINGE A

6.5-1N. DIAMETER

• _

_ HINGE B

Figure 16 - Packaging Sequence, Six-Foot Model
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Ill
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O
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NOTE: DIMENSIONS ARE IN INCHES

• gu.v 17 - Five-Foot Deployment Model Final Configuration
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Figure 18 - Five-Foot Deployment Model
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EVACUATED FOLDED

FINAL PACKAGE

Figure 19 - Packaging Sequence for Five-Foot-Diameter Model Torus
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ELAPSED TIME 30 SECONDS INFLATIONPRESSURE 30;IN. WATER (1.1 PSI)

Figure 20 - Deployment of Five-Foot-Diameter Torus
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TOOLAND FORMED PART

PART FORMING METHOD

Figure _-g - Tool and Part Forming Method-for Torus of Five-Foot-Diameter

Deployment Model
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(b)

One-mil Mylar was laid over the form and sealed to a flat

metal plate on which the form was mounted. The Mylar

was then slowly vacuum-formed to the tool contour in a 3Z0 F

oven for about 15 rain after which it was cooled and removed

to make the tool available for subsequent pieces.

To assemble the torus, two rough trimmed sections were

placed on the form and held in place with magnets and rubber

bands. Trim lines were matched to form and both halves

butt-trimmed simultaneously on the torus inner and outer

peripheral center lines. One-rail Schjelbond GT300 tape

was used to heat-seal the splice. Four 90-deg segments

and three end-to-end splices were made on the form. The

closing splice was made in the flat. Flow control bulkheads

were located in the torus as it was assembled.

Bulkheads

The tool used to make the bulkheads is shown in Figure 23.

A 10-in. square of 0.5-rail Mylar was centered on the form at

point A and draped along the sides. The film was then pulled

tight in eight places at 45-deg spacing and the excess mate-

rial trimmed u_: to --_i._..._......._i_ _nlices._ The splices were

seamed with 0. 5-rail GT300 tape and trimmed to line B

after which the trimmed-off material was removed. A

0.75-in. -wide GT300 tape was then centered on trim line B

and heat sealed to the bulkhead. This made the bulkhead

ready for installation in the torus.

The bulkhead was turned inside out to place the tape adhesive

outward and replaced on the wood forming tool as shown in

Figure 24. The tool with the bulkhead was then inserted

and positioned to a predetermined location in the torus.

The bulkhead was then heat-sealed to the torus and the wood

for._.,rero_oved for the next bulkhead installation.
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MATERIAL.- WOOD PATTERN PINE

RADIUS

2-IN. MINIMUM

0.375 IN.

TRiM LINE B

Figure 23 - Bulkhead Forming Tool

GT300 TAPE

BULKHEAD_ J

WOOD FORMING TOOL

TORUS

Figure 24 - Bulkhead Installation
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(c) Rim-to-Torus Attachment

An assembly fixture was built comprised of a wood wheel

with eight sections in the rim, eight spokes, and a hub

designed so that all sections could be removed through a

4-in.-diameter hole. This tool also was used to assemble

the lens to the torus through the rim. Figure 25 is an ex-

ploded diagram of the assembly sequence.

The rim with one hinge in place was wrapped around the

wheel. The second hinge was located 0. 5 in. from diamet-

rically opposite the first hinge. The location of the second

hinge was scribed on the rim, the rim removed, and the

second hinge brazed in place. The rim was then replaced

on the assembly fixture and GTI00 tape tacked to the rim

with a heat-sealing iron. The first Mylar tab was positioned

and heat-sealed in place. The second GTI00 tape was then

12

8

NUMBERS INDICATE THE SEQUENCE OF ASSEMBLY

Figure 25 - Rim-to-Torus Assembly Sequence
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tacked in place and the second tab positioned and heat seal-

ed. The third GTI00 tape was then tacked in place, the

GT300 tape placed over it with its adhesive side facing to-

ward the torus, and then heat-sealed in place. The inflated

torus then was slipped over the above assembly so that the

center of the inside diameter torus seam centered on the

assembly. The GT300 tab on one side was heat-sealed to

the torus, the unit turned over and the GT300 tab on the

opposite side heat-sealed to the torus.

The orientation of hinges with the torus bulkheads is estab-

lished when the torus is placed over the fixture.

(d) Lens Fabrication and Attachment

The lens was not built to scaled radius for the models used

for deployment evaluation. Eight gores comprised each

lens, cut and seamed in the flat. The diameter in the flat

was 60 in. When assembled to the torus the lens was set

for a 59-in. diameter to provide enough fullness to simulate

a scaled lens. GTI00 tape was used between the torus tab

and the lens with 0. 5-in. -wide GT300 tape for final tie in.

(See Figure 26. )

One model was made for structural evaluation of the torus.

In this instance the lens was scaled for an 80-deg angle,

using 20 gores for a 46.6-in. lens radius. No bulkheads

were used in the torus, and assembly to the torus was the

same as in the other models.

The lens for all models was made of 0. 5-rail Mylar, seamed

with l-rail GT300 tape.

(e) Inflation Hardware

Special inflation ports were machined from i. 5-in. diameter

nylon rod because no commercial lightweight hardware was

available.
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TORUS

/I

GT300 TAPE GT100 TAPE

1-MiL MYLAR FILM

_RIM

0.5-MIL MYLAR FILM

d°

eo

Figure 26 - Lens-to-Torus Attachment

Analysis of Model Test Results

The five-foot model testing served as a basis for the configuration

design and testing of the 20-ft model. The test program did not op-

timize packaging and deployment but it did verify that an organized

and co_trnlled deployment, which satisfied the critical conditions of

the lenticular system, was feasible. As a result of _esting L,_L.,,,.._fi.--

foot models several simplifying changes to the manifolding arrange-

ment of the torus were incorporated. These tests showed that further

simplification, and hence greater reliability, could be effected by a

comprehensive test program.

Twenty-Foot-Diameter Deployment Model 20- 1

(i) Design

The 20-ft model configuration design was based on dimensional

scaling of the design of the full-scale satellite (which subsequently
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(z)

was changed as part of the final design studies), the model test-

ing work on the 6- and 5-ft models, and the contract require-

ment for vacuum deployment.

Model 20-i was made with Mylar lens surfaces. Model 20-2,

described later, used wire mesh-photolyzable film for the lens

surfaces.

Vacuum deployment dictated torus manifold design and inflation

orifice sizes. The model was made initially with manifolding

and orifice sizes suitable for the atmospheric deployment that

was performed at GAC.

A modified Echo I canister was used as the packaging container.

Figure 27 defines the configuration and materials used for the

20-ft model. The main views of the figure define the configura-

tion for vacuum deployment with an auxiliary view provided to

show the configuration for atmospheric deployment. To facil-

itate ground deployment the tripod boom was provided on one

side only.

The importance of controlling the effects of residual air for

vacuum deployment has been discussed elsewhere in this report.

To obtain a minimum p=_,_-6 differentiR! h_tween the interior

of the canister and the exterior environment the lens and torus

were perforated and the interior of the canister arranged to

permit the flow of gas to a solenoid-operated valve. The canister

was initially pumped down as low as practical and then placed in

the vacuum chamber. After vacuum was reached, the solenoid-

operated valve was opened and soak time allowed for pressure

stabili z ation.

Fabrication and Tooling

(a) Torus

The torus was made by vacuum-forming 1. 5-rail Mylar in
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a female mold using techniques that resulted in stretching

all areas in the forming process and minimizing the wrinkles

and seaming operations.

Figure 28 shows two views of the master model from which

the forming mold was made. The trim line for the part is

one inch above the mounting plate. The form was made as

shown in Figure 29.

Figure 30A shows the mold with necessary glass-cloth

bleeder strips in place to assure complete air evacuation

between the mold and film. Figure 30B shows the first

operation for placing the film on the form. Figure 30C

shows the film draped in the form prior to placement of the

sealing clamp ring. The film, as draped, is clear of the

bottom of the mold by approximately i. 25 in. Figure 30D

shows the formed part being cooled pri6r to removal. The

hemispherical ends are used later to make the air flow con-

trol bulkheads.

A 320 F oven was used to apply heat. A thermocouple attach-

ed to the film in the bottom area, between the mold surface

a.-;..4 ..;_I"-_,_vas used to record film temperature. The av-

erage film temperature when the vacuum was applied was

2g0 toZ40 r. The vacuum was applied over a three-minute

interval, after the film was up to temperature, in an attempt

to equalize the amount of stretch throughout the part. When

the film came in contact with the mold its temperature fell

immediately to the mold temperature,which never exceeded

140 F. The thermocouple on the film confirmed this. The

oven cycle for forming took I0 to ig min.

Figure 30E shows one segment of l-rail formed Mylar with

ends closed and pressurized to 4-in. of water. This was
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Figure 27 - Twenty-Foot Deployment Model, Lenticular Satellite
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Figure 28 - Torus Male Mold Pattern
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Figure 29 - Torus Mold
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Figure 30 - Torus Female Forming Mold and Part Fabrication
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(b)

done to check the ability of formed sections to retain shape

under pressure with the ends free. No problems in this

respect were evident with visual inspection.

Figure 31 shows the torus assembly tool in two positions.

The tool can be turned a full 360 deg and locked in four

positions. Figure 32A shows the assembled bulkhead having

the GT300 tape applied for bonding to the torus. After this

operation the bulkhead was turned inside-out to put the ad-

hesive side of the tape against the torus wall. Figure 32B

shows the bulkhead mounted and being heat-sealed in place.

The formed torus sections were mounted on this tool, trim-

med to 30-deg segments to lines on the tool, butt-trimmed

along the inside and outside diameters, and seamed with

heat-sealing tape. When all 30-deg segments had been pre-

assembled and numbered the bulkheads were installed in

designated places and the segments joined as shown in Fig-

ure 32C and D. The last seam was joined on this tool except

that only one-half the circumference could be set up at one

time. All seam material other than bulkheads was one-in. -

-ide GT301 tape of l-rail Mylar.

Figure 32E shows the completed torus pressurized lor visual

inspection of all seams and for any tendency to go out of

plane. The assembly passed a visual inspection by respon-

sible personnel.

Lens

To fabricate the lens a form (Figure 33) for a four-gore

section was made with a number of metal plates imbedded

on both sides of the gore tri_m line. After placement of the lens

material, magnets were placed over these plates to clamp

the film to the form, as shown in Figure 34.
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Figure 31 - Torus Assembly Tool
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Figur_3Z - Torus Assembly
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Figure 33 - Form for Z0-Ft Deployment Model
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(3)

The gores were precut oversize 0.75 in. on each side and

four gores placed on the form at one time. Figure 34C

shows the butt trimming of adjacent gores. The trimmed-

off material was removed and the seam made by first tack-

ing the tape in place followed by a finish seaming operation

The seam material was 0.75-in. wide GT300 tape of l-rail

Mylar.

When a four-gore segment was completed, the assembly

was removed from the form and carefully folded and stored.

For a complete model, 12 such assemblies were made. Fig-

ure 34E shows a four-gore assembly being removed. When

the four-gore assemblies were complete, two were replaced

on the form,with two gores of each adjacent to the mating

line supported and realigned to orientation marks on the

form and on the segments. The attachment seam was then

trimmed and heat-sealedpas previously described.

This was continued until six segments of four gores each

had been joined into one side of the lens. Figure 34F shows

the tape application on the closing seam of one lens. This

assembly was again carefully folded and stored, ready for

use.

Assembly and Checkout

A tool (Figure 35) was built to perform the assembly of the metal

rim to the torus and of the lens to the torus. The design was

based primarily on the anticipated need for removal through a

lens cap opening 9 fn. in diameter. This tool was used to estab-

lish the rim diameter, the location of the hinges, and the boom

pins. It also served as a measuring device for checking the

torus inside diameter. Figure 36A shows the placement of the

last peripheral segment in the tool. Figure 36B shows the in-

stallation of the fish cords for removal of parts after the model

assembly was complete.
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Figure 36 - Model SateUite Assembly
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The first step in the assembly was to mount the rim section with

only one hinge installed on the rim tool. The location of the sec-

ond hinge and of the boom pins was marked on the rim, the rim

removed and finishing operations completed. The rim was then

replaced on the tool and the torus positioned and inflated to check

its fit. Figure 36C shows the metal rim in place on the tool and

the torus in position, ready for fit checkout. A section of torus

can be added or removed, as required, to make a satisfactory

fit. On the first torus (Model Z0-1)_it was necessary to remove

one inch of torus circumference to accomplish what was judged

to be a good match.

The next step was to apply the tie-in tabs of l-rail Mylar to the

rim. Figure 37 is a schematic diagram of the arrangement used.

One-inch wide GTI00 tape (2.5-rail of resin without a backing

material) was tacked to the metal rim. A 2. 5-in.-wide strip of

l-rail Mylar film was then heat-sealed to the rim. The tabs

were formed by heat-setting a crease at the edge of the rim over

the entire rim periphery•

A second GTI00 tape was tacked to the assembly and a Z-in. -

wide GT300 tape heat-sealed in place. The GT300 tape was I-

• ,- T_ +_= _ therail Mylar with a 0. 5-mil of resln on on= _ ............

resin side was placed as shown in Figure 37. To provide a wider

seam area for attachment to the torus 7-in. -wide GT300 tape

was applied as shown. This tape attachment was made using

3-in. -wide GT300 to avoid the extra operation. This entire

operation was performed with the torus deflated and out of the

way as shown in Figure 36C. Figure 36D shows the heat-sealing

operation during the application of the 2. 5-in. -wide tab element.

The next step was to attach the first lens to the tab. GTI00 tape,

0.75-in. -wide, was tacked to the tab, one edge being aligned

with the rim edge. The lens was positioned and tacked in place,

-71 -



SECTION IIl
Subsection One - Design Considerations GER-11502

2-IN. WIDE GT300

TAPE OF I-MIL MYLAR /

I

RESIN SIDE OF

GT300 TAPE

/1-1N.-WlDE GT300 TAPE

I 1-MIL MYLAR TAB

CHANNEL, 2.5 IN.
"" LENS MATERIAL

II1  TAL R,M / /

---- GT100 TAPE

--1-iN.-WlDE GT300 TAPE

-72-

Figure 37 - Schematic of Rim-Tape Arrangement

followed by the heat-sealing operation. Figure 36E shows the

heat-sealing operation being performed. There are 12 segments

in the torus and 24 gores in the lens. Orientation of the lens to

the torus was set up on the basis of every other gore seam being

1_ned upwith a torus seam.

When the first lens attachment operation was complete the torus

was attached on one side. This operation was introduced at this

point so that the inflated torus could be used as a rigid structure

for the turn-over operation. Figure 36F shows the placement of

the torus prior to inflation; Figure 36G shows the heat-sealing

operation of attachment to the torus, and Figure 36H shows the

heat-sealing of the 1-in.-wide reinforcing GT300 tape shown in

Figure 37. The reinforcing tape was applied at this stage be-

cause the operation was easier to perform under these conditions.

The assembly was now ready for turn over to install the second

lens (_qee Figure 38). Figure 38A shows the first stage of this
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operation. It was anticipated that the assembly tool would be

locked in place firmly enough to stay with the part. However,

the weight of the tool was too great and there was separation as

shown in Figure 38. Figure 38B shows the second stage of the

turnover.

At this point the assembly tool was removed and set aside in the

disassembled state. Figure 38C shows the third stage of the

turn-over operation,and Figure 38D shows the last stage. The

high billowing of the lens was due to air trapped between the

floor and the lens.

Figure 39A is a view of the model inflated, with both lenses and

the booms in place. Figure 39B shows the l-in. -diameter booms

fabricated from I. 5-rail Mylar film with air feed umbilicals that

attach to the torus and lens. Burst of three 36-in. -long boom

test specimens at 45-psi test pressure was equivalent to a factor

greater than i00. Rupture did not always occur at the seam.

Figure 39C shows the attachment of the booms to the boom pins

on the rim. A polyurethane resin, GTR DI569-F838, was used.

The resin, which is a two-part system, was catalyzed and painted

on the pins and allowed to dry tack-free. The Mylar tube was

slid into place and heat-seai=d at 250 F To attach the umbilicals

to the torus, flanged Mylar fittings were formed and attached by

heat-sealing methods, using a combination of GTI00 and GT300

tapes. The booms were bonded to the canister by the same

procedures that were used for bonding to the boom pins. Figure

39D shows the attachment of the umbilicals to the torus.

The Model 20-I lens and the torus were perforated with 0. 020-

in. -diameter holes; three per square foot for the lens and two

per square foot for the torus. The perforation was accomplished

using a soldering iron modified by brazing a needle to the tip and

insulating the assembly to guide the heat to the needle tip.
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Figure 39 - Boom and Air-Feed Line Attachment
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Approximately 3/8 in. of the needle tip was left bare. Figure

40 shows the perforating operation in process. A paper pattern

was used, as shown, to permit a fair degree of control of hole

pattern. The assembly was in the inflated condition while the

perforating operation was being performed. As more and more

holes were completed the air feed had to be increased to keep

the model inflated. This fact attested to successful perforation.

This operation was performed after the atmospheric deploy-
ment tests on Model 20-i.

The model was deflated completely, using a vacuum cleaner for

air removal, and then inflated to check out inflation sequence.

Before the model was shipped the bulkheads were modified by

reducing the hole sizes. To make this modification a cut through
the torus was made and later repaired.

(4) Packaging

As previously noted,optimum packaging was not attempted. The
objective was to package the satellite so that organized deploy-

ment of the torus, to prevent local failures (buckling) of the

metal rim cross section, would be effected, free from any lock-

in_ and subsequent tearing of the films.

The packaging arrangement developed through the five-foot

model testing and successfully used for the GAC tests on the

20-ft model is shown in Figure 41. A 16-mm film strip is

available that shows actual packaging.

To start the packaging operation, both the torus and lens were
evacuated and laid flat on the floor. The torus was made into

a C configuration with the two hinges in the metal rim and the

metal rims lined up. A 10-in. -diameter aluminum drum 48-in.

long was positioned at the end of the C opposite the inflation

ports. The assembly then was rolled so that the half section of

the torus containing the bulkheads was on the inside of the pack.
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Figure 40 - Putting Deflation_Holes in Lens and Torus of Model
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The lens and torus were rolled together, keeping the inflation

boom out of the pack. The lens was then folded in an accordian

pleat, starting at the cone apex formed by the rolling operation.

The torus was then folded to compact the package further. The

roll was creased inward along two sides and then an accordian

fold made. During this study no attempt was made to minimize

the package volume of the models.

Canister Details

An Echo I canister was modified as shown in Figure 42. Bas-

ically the modification consisted of (I) adding a perforated inner

liner to reduce the effective volume and (Z) adding an adapter

fitting that serves as a termination of the tripod boom, provides

inflation lines and electrical lines interface, and provides the

canister evacuation value.

Deployment

A deployment test under atmospheric conditions was run at GAC

on Model Z0-1 before installation of the deflation holes. The

modifications to the model (torus manifolding and inflation or-

ifices) are as noted in Figure 27, and the inflation system analysis

is as shown in Appendix C. Certain times, (I) to reach torus

pressure, then hold and (Z) to reach lens pressure, were assumed

in the inflation system analysis and served as a basis for the

inflation system design details such as torus manifolding, inlet

orifice sizes, supply pressure, and supply line sizes. Because

the assumed times were believed to be conservative (minimum)

and as such dictated the supply pressure required (which in turn

relates directly to the energy to be absorbed by the system) it

was determined to run the actual test at reduced supply pressure.

The selected supply pressure, 35 psig, resulted in a satisfactory

deployment. Because inflation time is related directly to supply

pressure (for fixed manifolding, inlet orifices, and line sizes) a

s_uuy of _^_= _+_o_ .....__.....,I_ _hows a close correlation to the infla-

tion analysis.
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A schematic of the setup is shown in Figure 43 and a photo

sequence of the test in l_'igu're 44. A 16-am film of the actual

packaging and deployment also is available.

The deployment was run on a water surface and was completely

unattended except for a line attached to the booms to balance

manually the effect Of gravity.

The deployment was successful and demonstrated the feasibility

of the system as designed. The effects of residual air on deploy-

ment were investigated at LRC during deployment tests in the

60-ft-diameter vacuum chamber.

Repair Techniques

(a) Torus

Wherever a tear occurs or an entrance must be made into

the torus, the opening can be repaired as follows.

I. Deflate the torus sufficiently to allow

it to lay flat.

2. Line up the edges of the opening so they

fit together properly.

• --I_ ^_ "_'_'_ c, ver3. 'l'acK GY3Oi L_.p= ,._ _,............

the opening.

4. Heat-seal the tape in place with a 340F

iron. Be careful to minimize contact of

the iron beyond the edge of the tape.

5. If the edge to be repaired is jagged it

might be necessary to apply more than

one strip of tape, with tape ends over-

lapping. Such a condition will destroy

the continuity of the radius of curvature,

but will not affect the operational func-

tion o_ the torus.
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Figure 43 - Deployment Test Setup, Z0-Ft Model
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(b) Mylar Lens

The Mylar lens can be repaired in the same manner as the

torus except that GT300 tape should be used instead of GT301.

It is also possible to remove seaming tape on the lens by

heating and peeling it back. The used tape can be replaced

although it is preferable to use fresh stock.

(c) Photolyzable Lens

Presently the best method of repairing tears and cuts is to

use a Mylar pressure-sensitive tape. It is also possible to

use other pressure-sensitive film-backed tapes for repairs,

but Mylar is preferred.

(d) Boom Attachment

The booms were originally attached to the metal rim at both

ends, using a two-part polyurethane resin. An epoxy system

can also be used for field repairs. However, the bonding

surfaces must be cleaned thoroughly with acetone before

r eb onding.

(e) Ring Separation

Unless the degree of ring separation from the torus is ex-

tensive, no repair attempt should be made. If repalr should

be necessary, the assembly should be returned to the manu-

facturer.

Breadboard Inflation System

The breadboard inflation system was designed and fabricated to

control and monitor the inflation of the 20-ft model under vacuum

conditions. (See Figure 45. )

The breadboard consists of two pressure regulators to control

inflation pressures. Hand-operated valves are provided to con-

trol inflation of the lens and torus. Two Hastings vacuum gages
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are mounted on the panel for visual monitoring to prevent over-

pressurization.

For satisfactory deployment in a vacuum chamber, the 20-ft

model was designed to deploy under the following conditions:

i. Eliminate as much friction as possible on the

deployment surface by mechanically raising the

booms to over come gravity and friction.

2. Set breadboard pressure regulator to 5 psia

3. Open canister (after residual air has been

evacuated) and let model free fall

4. Open torus valve and inflate torus to 0. 317 psia

(16.4 mm Hg) and maintain this pressure while

lens is inflating

5. Open lens valve and inflate lens to 0. 0048 psia

(248 micron Hg)

Twenty-Foot-Diameter Deployment Model 20-2

To fabricate Model 20-2 using a photolyza'ble film-wire lens, the

same tools and procedures were used as for Model Z0-1. The lens

gores were put togeth_ with CT300 t_pe 0. 75-in. wide. The four

gore assemblies had been made approximately one month before

final assembly into the lens. In the making of the torus, the hole

sizes in the bulkheads were originally made for vacuum chamber

deployment, so that changes that had to be made on Model Z0-1 after

atmospheric deployment were not required on Model Z0-2.

The porosity of the lens material was high enough to eliminate the

need for perforating the photolyzable lens, as was done on the Model

20-i Mylar lens. Under ambient conditions it was necessary to put

one of the large nylon fittings in the lens to achieve inflation to just

slightly more than zero pressure.
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Packaging and deployment experience indicates that for any future

models using photolyzable film-wire mesh, the center cap must be

made of a stronger material to withstand the rigors of packaging.

Fabrication Forecast

(i) Flight Test Model

The fabrication procedures for the 50-ft model will be the same

as for the 20-ft model. Because the torus cross section has

been reduced to 19 in. the torus can be made from approximate-

ly 15 segments, only two more than for the 20,ft model.

The number and width of the gores will depend on the width of

material available at the time. There will be some handling

problems to be solved for the lens gores. The only other major

problems of fabrication will be the manufacture of the metal rim

and an improvement of the method of attaching the rim to the

torus. In this instance the problem will be to make the rim and

the wire grid of the lens have a more intimate common bond

than now exists.

Handling problems might occur when the packaging of the as-

sembly takes place. Tb.es_ will involve floor space, head room,

and the use of lightweight overhead block and tackle um_s.

' Figure 46 shows the tooling and fabrication techniques that were

used at GAC to construct a 10-ft-diameter solar concentrator,

which are representative of lenticular satellite requirements.

Methods of checking contour accuracy at ambient and vacuum

conditions are also shown.

Figure 47 shows tooling and fabrication techniques that will be

quite similar to the requirements of the 50-ft satellite flight-

test model. Figure 48 shows the contour measuring system

that could be used while the lens surface is pressurized on the
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Figure 46 - Fabrication and Contour Check,
Solar Concentrator

10-Ft-Diameter
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Figure 47 - Fabrication Technique, 44.5-Ft-Diameter
Solar Concentrator
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Figure 48 - Fabrication and Contour Checkout Fixture,
44.5-Ft-Diameter Solar Concentrator
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tool. Contour accuracy data for several representative gores

of the 44.5-ft-diameter solar concentrator indicate good overall

construction characteristics.

Figures 49 and 50 show another method of fabricating wire-grid

satellites used on grid-sphere models. Hexagonal and pentagonal

preformed panels were assembled into a 1%-ft-diameter sphere

that had good r-f and dimensional characteristics.

(Z) Full-Scale Satellite

The basic design of the full-scale unit has been established.

However, an analysis of the design in terms of fabrication pro-

cedures has not been made. Essentially the same procedures

that were used on the previous models will be used. The geom-

etry of the subassemblies will probably vary considerably. The

major causes of the variations will probably be controlled by

material stock sizes that are available, and the desire to keep

tooling within reasonable bounds. It is also possible that changes

in the basic materials might cause changes in the fabrication

approach.

The experience gained by LI<C on Echo I and Echo II is directly

related to fabrication and handling problems expected with the

full-scale lenticular satellite.

Deployment Tests in LI_C Vacuum Chamber

(i) General

Preliminary deployment tests were conducted on two 20-ft-

diameter models of the proposed gravity-gradient-stabilized

lenticular test satellite in the 60-ft vacuum chamber at LRC.

Two tests were conducted on Model 20-l, which was the all-

Mylar model. One deployment test was conducted on Model 20-

2,which had a photolyzable film-wire mesh lens and a Mylar

torus. The models were geometrically similar to the proposed

full-scale _,_I^_+-_ ,._1_-,.,____satellite.
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Instrumentation was provided to obtain pressure data on the

various satellite components to control and analyze deployment.

Suitable stop-action, high-speed, and real-time cameras were

provided to document the deployment.

(Z) Deployment Tests of Model 20-i

The test objectives of Model Z0-1 were (I) to establish a reason-

able canister pump-down procedure, (Z) to evaluate the vacuum-

sphere test arrangement and procedure, (3) to evaluate residual

air effects on the satellite configuration, and (4) to evaluate the

test under satellite configuration deployment and inflation se-

quence.

_'igure 51 shows schematically the test setup used in the 60-ft

sphere. Model and canister pressures were monitored through

transducers at strategic locations within the model and the can-

ister. Following canister separation the upper half was lifted

to provide room for boom and lens deployment, and to help re-

lieve friction forces between the model and the deployment sur-

face. Figure 5Z shows the deployment sequence along with

characteristic pressures involved. Both the roll-accordian fold

Droposed by GAC and a pure-accordian fold method were tested

to determine the effect on canister pu_np-do;;'n _-nd _oHel deploy-

ment. Each packaging method seemed satisfactory for the

satellite design under consideration.

(3) Deployment Test of Model Z0-Z

The test objectives of Model Z0-Z were to determine the char-

acteristics of the wire-mesh lens after it had been packaged in

the evacuated canister for a short time and to determine the

effects of the lens material's inherent roughness and low strength

on model deployment.

The only apparent effect of packaging the model, evacuating the

canister, and shipping was that some of the lens wires worked



SECTION III
Subsection One - Design Considerations GE i_- 11502

CANISTER HOIST LINE

i , CANISTER /

/ S;//- \
I / I

' \ 'A LAPPROXIMATELY 15 FT /

f__ "_"'-" _''_,. NYLON NET TO
_ "_'--.-.-- _'_.-J /I CATCH CANISTER

X _DEPLOYMENT /

_ SURFACE ./ ,

_ _61_FT VACUUM SPHERE

Figure 51 - Vacuum Deployment Test Schematic

loose of the photolyzable film in a small area close to the metal

rim. This was the largest model fabricated of photolyzable-

film, wire-mesh material up to that time. The model fabrica-

tion and tooling and handling techniques were very successful

when it is considered that this first attempt primarily was to

pinpoint the major problem areas.

Deployment of Model 20-Z in the vacuum chamber was unsuc-

cessful when an adhesive failure separated a boom from the torus,

thus making it impossible to complete the inflation process. It

was found that the seam tape separated from the lens material in

several areas. Subsequent testing has shown that the tapes that

were used in the model construction are not compatible with the

photolyzable film and that peel strength was lost after a short

time. Several other tapes that are now readily available have

been tested and found suitable for model construction of photo-

lyzable film, based on preliminary test information. Construction

"9? -
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l

Figure 5Z - Deployment Sequence for Model Z0-1
Vacuum Sphere Tests
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and testing of Model Z0-2 provided information valuable for

development of both larger and smaller models of prototype
materials of the immediate future.
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SECTION 1il - TECHNICAL DISCUSSION - PHASES I AND II

Subsection Two - Systems Analysis

l . GENERAL

Various studies, analyses, and tests have been made in support of the

lenticular satellite program. These efforts were directed toward im-

proving the configuration and raising the confidence level.

This subsection presents the structural and thermal analyses for the cur-

rent designs for the full-scale and the flight-test models. A comparative

study of alternate designs is also included as well as conclusions and rec-

ommendations. The design of the 20-ft deployment models was supported

as needed 3 but is not reported herein.

The full-scale and the flight-test designs are shown in Figures 9 and 13,

respectively. For convenience in reading this section the principal fea-

tures are shown in Figure 53.

Item 6 is a list of symbols that are applicable to all items of Subsection

Two except 2_, Zh, and 3_ - which incluae their ow_ lists of sy._,.be!s,

and except for su_ other instances where symbols are defined in the

immediate text.

. FULL-SCALE SATELLITE

a. Lens

(i) Inflation Pressure

The lens material of the full-scale satellite consists of i. 0-rail

copper wires woven in a plain weave pattern, Zl wires per inch

in both directions, and bonded on a 0.5-rail photolyzable film.
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90.0 FT

A

MASS Mu2 = 100 LB

MASS M = 51 LB

u 1

H = 300.0 FT
u

J

H I = 190.53 FT

1

Z AXIS

= 42 DEG RiM

/

INFLATION PRESSURE- 0.000316 PSI

LENS
TORUS (RADIUS

OUT OF SCALE)

/
X OR Y AXIS

MASS M I

INFLATION PRESSURE
P = 0.1678 PSI

t

= 285 LB

_W" //I RIM - QUARTER

"_ //I CROSS-SECTION

h/2= 4.0iN."_// '/

t = 0.002 IN. _ 30 DEG

1.072 1N.

Figur e 53 - Full-Scale Satellite Principal Features
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For the determination of the lens rigidization pressure at the

anticipated temperature of Z00 F, the yield strength of the cop-
per was taken as 23,000 psi while the photolyzable film was neg-

lected. Hencetthe required stress on the surface of the lens is,

00  'i. ,0001
= 0. 3793 ib/in .

Although the photolyzable film strength (about 1200 psi ultimate}

was neglected in the determination of the yield strength of the

lens material, it is, nevertheless, sufficient to seal the inflation

gas in the lens. ]Diaphragm tests conducted at 200 F proved that

the film held very satisfactorily much higher pressures than

would be required to yield the lens material in the actual satel-

lite lens. From five iZ-in, diaphragms tested at Z00 F (desig-

nated as specimens 8, 9, i0, ii, and 12), specimen 9 failed at

8.0 in. HzO, (0. Z9 psi) which is about i000 times as high as the

pressure p_ that yields the lens material. All other specimens

failed at pressures higher than 8. 0-in. H20. (See Subsection

Six, Tables XXXIII through XLIV.)

On the supposition that the lens surface consists of two identical

spherical domes of 84-d_g _::tral angle, _h_. uniform stress in

the lens can be found 4 from the equation

P

- z (1)

Equation 1 can be solved for the lens rigidization pressure;

P

Z X O. 3793

ZOO X iZ

= O. 316 X 10 -3 psi.
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b°

(Z) Buckling Pressure

The critical buckling pressure of a spherical dome is given by
5

the equation

Pcr

d 3
= 0. 191E --

c 2
sp

(z)

where

E
c

= modulus of elasticity of copper wires

I0 - 16 X 106 psi,

d = wire diameter = 0. 001 in.,

1

s = wire spacing - 21 in. = 0. 04762 in.,

p = radius of dome = 200 X 12 = 2400 in.

Substituting numerical values in Equation 2 results in

Pcr = O. 191(10)106 (0.001) 3
O. 04762 X (2400) 2

-i0
= 69.6 X i0 psi.

Assuming specular reflection, the solar radiation pressure that

hits the dome is 2 X (6 8 x I0 -I0' -i0 .j = i _ _ "_" i _ _,=i ,xrh_c'h• .). _% v _.. -- -, .

is about one-fifth the critical pressure.

As shown in Figure 176 the test points from four specimens on

diaphragm tests are in good agreement with the collapse pres-

sure curves. With a safety factor of five on the design pressure

it is clear that even under the least favorable conditions the lens

rigidization can be considered safe (all test points in the graph

being above the theoretical curve).

TOFUS

The to:. , is a structural component that is fastened along its inner
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equator to the edge (rim) of the lens. The torus serves two purposes:

i. By its gradual inflation, which is started at a

point and proceeds in one direction around the
circle the torus offers the first and most im-

portant step in the deployment of the satellite.

2. With its capability of carrying uniformly dis-

tributed radial compressive loads, the torus

constitutes a supporting structure for the lens

to assume its final shape upon inflation.

After the rigidization of the lens, the torus serves no purpose and
therefore it should be photolyzed. The photolyzable film (Type II)

for the construction of the torus, which is mentioned in References 1

and 3 is presently still in an experimental stage. Although modulus
of elasticity and ultimate strength values (0.444 X 106 and 10,000 psi,

respectively) are realistic values, the material is presently too brittle

for packaging. Work is continuing on the development of high strength
photolyzable film with good packaging characteristics.

The torus design criteria are three:

i. Buckling - the torus must have enough bending
and torsional stiffness so that it will not col-

lapse under the uniform radial pull from the
lens.

2. Wrinkling - the torus must be pressurized high

enough so that the circumferential inflation

stresses will be greater than the compressive
circumferential stresses caused by the radial

pull of the lens (hoop compression).

3. Strength - the torus material (film) must be

strong enough so that the maximum meridional
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stress at the inner equator will be lower or

equal to the strength of the film divided by the

desired safety factor.

Extensive experimentation with a five-foot diameter (inner-equator

diameter) torus indicated that the first of the above three design cri-

teria can be neglected. In all tests, under various torus and lens

pressures, the torus showed no signs of in-plane or out-of-plane

collapse, even at lens pressures almost twice that theoretically re-

quired to collapse the torus. (See Subsection Six, Item 3, a.) The

design criteria are established as follows (see Figure 54):

Y

R

Figure 54 - Torus-Lens Axial Section
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6
i. Buckling criterion:

< 1 12

3 4 1

(P. + r) E--I + G--7

(3)

2. Wrinkling criterion

2

q(R + r) ! PtZr

4
3. Strength criterion

(4)

Ptr(2+__) < io, ooo2tt - F.S. (5)

Using a factor of i. 25 on the pressure in Equation 4, and the same

value in the denominator of the right-hand side of Equation 5, these

equations give respectively

2 >

ptTrr = 1.25(2)(0.3793)(0.74314)(R + r)

or

2
pt r = 0. 2243(R + r) (6)

and

16 000t t

Pt r : r (7)
Z+--

R

Eliminatingpt between Equations 6 and 7 and solving the resulting

equation for r/P, and neglecting small quantities of higher order yields,

r 2

-- = 333t t • (8)R 71, - 3

Let tt = 1 rail.

Then Equation 8 gives
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C°

m

r --

r 2

R 68. 333

= 0. O2927

133.83 X 0.02927

3.917 ft

47 in.

The inflation pressure can be found from Equation 7;

<4-_) 16.0Pt = 2. 02927

= 0. 1678 psi

iIim

(I) General

The stress analyses of the satellite configurations considered in

Reference 3 have shown that insofar as the rim is concerned the

stresses are negligibly small. Therefore, deflection calculations

are presented for the final configuration. Preliminary investiga-

tion indicated that for in-plane deflection the condition IV-AM-

OFF is critical, while for out-of-plane deflection the condition

TTT-AIvI-OI'_ _o...._+__'+'_I....(_ Ap_endix_ A.Tables A-TTI and A-V,

and Reference 3, pages 338 through 340). Concentrated loads

at the ends of the tripods and distributed loads around the rim

are given in general terms in Table IV for these critical condi-

tions.

(2) Maximum In-Plane Deflection

The maximum in-plane deflection is derived as follows (see Fig-

ure 55).
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_3-------_-

q90 DEG_ qrx Q

×

_ Y

Figure 55 Rim Plan View "'+_- w1_,, Loads Causing Critical In-Plane Deflection

Q1 : QZ

= Q3

1 (3. 0019) X i0
3

-3 /133. 83 133.8 _
k190.53 + 300. 0 oj

-3
= -i. 1492 X I0 ib

qrx = -27.Z48 X 10 -9 sin _ ib/in.

Maximum deflection at point I (_ = 60 deg) due to the concen-

trated loads Q (Reference 3, page IZ8).

2PzR4 1 1

3 X 18 X 106 X 0.01488 9 53 + I

= 0. 094 in. (very small)
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Maximum deflection at point_ = 90 deg due to distributed load

qrx
(Reference 3, pages Z06-g08).

q90 R4
W =

q '6--gi z

27.248 × 10 -9 × 16064

6 X 18 X 10 -6 × 0.01488

= 0.226 in. (very small) .

Because both maximum deflection due to Q and q are very small,

(these deflections occur at different places) the maximum deflec-

tion, w, due to the combined effect of the forces Q and q need not

be determined.

(3) Maximum Out-of-Plane Deflection

The maximum out-of-plane deflection is derived as follows (see

Figure 56). From Reference 7, page 28 the loads F are

P

_ X(cot G + cot

-3
0.6034 X i0 190.53 + 300.00 -3

= = 1.2769 X i0 lb.

_- 133.83

N)

_ yv

Figure 56 - Rim Plan View with Loads Causing Critical
Out- of- Plane Deflection
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d°

The deflection (Reference 3, page 542) at five places (_ = 60, 90,

120, 150, and 180 deg) is given by equation

FI R3

EI
x

0

0. 5823

0. 9872 + --

0. 6396 J
0

FIR3

GJ

"0

0. 7891

i. 0O6 l

0. 6859

0

Substituting numerical values in the above equation yields FIR3 /

EIx = 1.648, FIR3/Gj = 22. 325, and

_ 001incesat[6O18.6 90

24. 1 _ 120

0.0 180

,respectively ,

from which it is concluded that the maximum out-of-plane deflec-

tion, at about _ = i15 deg, is 24.5 in.

Tripod

The tripod booms are analyzed for the maximum anticipated axial

compression in combination with distributed loads, that come from

gravity-gradient, inertia, and solar radiation in the most critical con-

dition, which is specular reflection with the solar rays normal to the

axis of the boom. Table A-I of Appendix A shows that the critical con-

dition for the booms is either I-B or III-B (in both cases Boom No. 1

is critically loaded). Of these two conditions, the first is the most

critical when _ = 90 deg and with the photolyzable film on.

The maximum compressive load, L, in the boom is
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L = M H w2[ c°s _

u L C
2_(1 -h) sin a

sin 0_u

MuHuW2[0 1.0 .]= - 2_/3(i - 0.541) 0.4074

2
-3. 903 M H w

U U

-i 133.83
'_au = tan 300.00

= 24 deg 2.5 rain)

But

u u

285 X 190.53

32.2

= 1686.4 slug-ft.

Therefore,

L =-3.903 X 1686.4(0. 6243) 2 × 10 -6

-3
= -2. 565 X I0 ib . (9)

Gravity-gradient and in_sLia _-':-'-'_'"+_.__I_=_I fn_ __.=

found from the first of Equations 25 of Reference 7,

90 de_ can be

page 20; then

dF
n

d2 = qn

-3mb 2 {}cos _u -Y

2

= 3mbYO) cos 01u .

The solar radiation pressure for specular reflection per unit length

of boom is given.by equation
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SECTION III

Subsection Two - System Analysis GER-I 150?,

qs = _ro

1815 × i0 -12 ib/in. (Reference 3, page 21Z)
= r O

Then the total distributed load, q, is

3mbY_) 2 + 1815(I0 -12)q = cOS_u r , (i0)• O

where y is measured in feet along the radius of the rim (0 ¢ <= y= R),

m b the mass per unit length (inch) of boom, and r the boom radiuso

in inches; the units of q are Ib per inch.

Assuming that the booms are made of Z-rail aluminum wires a form-

ing a 0.5-square in. grid, bonded on l-rail Mylar film and that the

= i 5 in. the trapezoidal load on the boom can beboom radius is r ° . ,

determined from Equation 10, as shown in Figure 57.

A

W .-.-- _ //l_ B (RIM)

-I

Figure 57 - Tripod Boom Critically Loaded as a Beam-Column

apurpose of the wires is to provide some local stiffness so that, when the

pressure in the booms is lost, the skin is prevented from wrinkling back to

the folds that form during packaging.
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Axial compression L = 2. 565 X 10 -3 ib (Equation 9)

=(0 ooz)Z(o i)]+32 zm b = 27r(1.5)(0.05)(0.001) + 2 × 2 × _ . . .

= 15.025 X 10 -6 slugs/in.

1/2
Beam length _= (3002+ 133.832 ) = 328.5 ft = 3942 in.

qA = 3 X 15.025 X 10"6(0)(0.38975)10-6(0.91325) + 1815 X 10-12(1.5)i

= 2.7225 X 10 -9

qB = 3 × 15.025 × I0

2.7225 X 10 -9

-6 X 133.83 X 0.38975 X 10-6(0. 91325) +

= (2. 1470 + 2.7225) X 10 -9

= 4.8695 X 10 -9

(IO)

If a factor 1.5 is used to convert limit to ultimate loads, then

L = 3. 848 X 10 -3 lb

qA = 4. 084 × 10 -9 lb/in.

qB = 7.304 × 10 -9 lb/in.

Because stresses are of no particular interest (Reference 3, pages

214, 215) only derivation of deflections is given below.

Reactions A and B:
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qA 1 1
A = --_+_ _ (qB - qA )_ = _(2qA + qB )

z
B = T +_l(qB " qA )_ = _ _(qA + 2qB)

Bending moment at x;

1 {11)

3
i 2 I x

M x = Ax + Lw - _qA x - _-(qB - qA ) T (i2)

M
x

-i16-

Differentiating this equation twice with respect to x, and noting that

d2 w/dx 2 = -Mx/EI results in

dZM
x L

+ E-IMx = -qA -_(qB - qA )
dx 2

(13)

The general solution of Equation 13 is

Mx : C 1 sin (_I + C 2 C0S (_) - J21q ]
A + _ (qB - qA ) , (14)

where

(15)

With the boundary conditions M x = 0 =

integration C 1 and C 2 are determined:

M =O,the constants ofx=2

.2 qB " qA cos A(/)

C l : J sin(S)

.2
; C2= J qA

Hence Equation 14 becomes

.2 qB
J + J qA cos . j2 A x+ 7(qB " qA "

(16)
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Substituting Equations 11 and 16 into Equation 12 and solving the re-

sulting equation for the deflection w yields,

' /---'Z qB" qA c°s (_)_ sin (_ _)

w= L sin (_.)

e,

m

.Z

2

(qB - qA ) + 6-L (2qA " qB 6L - LqA

(17)

Substituting numerical values into Equation 17 and simplifying results

in

8. Z46Z + 2. 1672 - 2.2Z86

(is)

Values of w (inches) are given in Table V for several values of the

ratio x/2. The maximum transverse deflection of the boom is about

9.0 in. (small).

uepioym_,,£

Deployment in this item is limited to the transient phase from sepa-

ration of the canister until inflation of the satellite is started. The

inflation phase has been demonstrated by deployment on a water sur-

face and in a vacuum chamber. These tests show that this phase of

the deployment proceeds in an orderly fashion and that no structural

damage to the satellite is to be anticipated.

The effect of trapped air on the structure merits some attention. The

trapped air will expand when the satellite is deployed and consequently

will do work on the surrounding structure. The amount of work done

-117-



SECTION III

Subsection Two - System Analysis

in

0
0

C_
0

I.--I

0

0
I,-.I

L)
[4

Cl

oO

>.

z
,,%,

[-t
!

>.

,-1

<
[-.t

Z
0

Z
0
O

<
O

<
0

I--.I

L)

0

0

©

©

6N_W_WW_dM6

on

N

_0
6 6 6 6 6 6 6 6 _ _ N

®

®

N

N

=6

o

u MI

e4
N

_o

N

®
u

o_

®

5

®

6 6 6 6 4N _ 4 i_ 4

6 _N _ 4W W W _6 _

iiiii

6 WW 6Wi4 _a 6W

O__NO__

_ 6666666666
iiiii

66666666666

6666_ _ _ _ W _

OOOOOOOOOO_

0000000000_

0000000000_

GER- i1502

oo
N
N

i

r_

d
+

M

e.I

W
+

o
r_

i

u

+

,D

IM

_4

,o

II

0

0

0

0

0

0

-I18-



SECTION Ill

Subsection Two,- System Analysis GER- I 15 0Z

is given by the following equation, which conservatively assumes that

the pressure-volume product of the trapped air remains constant

V(V ) VfW = PoVf l°ge Too ' (19)

where

W = work done,

Po = initial pressure,

V = initial volume of trapped air,
O

Vf = final volume.

If Po and Vo/V f are constant then the effect of size is that the work

that will be done is proportional to the final volume.

This work must be absorbed by work required to unfold the packaged

material and by strain energy in the material after it unfolds. If the

material of satellites or components compared is the same, then the

effect of the size is that the energy absorption capacity is proportional

to the surface area.

Since the energy absorbed by the satellite shell must be equal to the

•:.,or_l:rlnne on it. the important size parameter is the ratio of volume

to area.

Designating the size parameter as h, then

_ final volume
surface area

For comparison it is interesting to note that for a sphere

4 3

R D
4_RZ = _- = _-ft ,

for Echo I
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and for Echo II

- I00
h = .--6-.

= 16.7 ft,

= 22.5 ft.

The lenticular satellite consists of three inflatable portions, torus,

lens, and tripod. These are interconnected by small passageways

and consequently the three portions can be considered independent

of one another for the short times involved during deployment.

For the torus.

41, 7Z0
h -

21, 302

= 1.96 ft.

This value is very small compared to that of Echo I and it can be con-

cluded that trapped air will not be a problem.

For the lens,

3,070, 000i'=
igg, i IZ

= 23.7 ft.

This is slightly greater than the value for Echo II and indicates that

the lens might present a problem. However, the packaging arrange-

ment is such that the lens cannot develop directly into its final shape

and the effective h therefore is probably much less than the above

value. This is to some extent borne out by the deployment of the 20-

ft model in a vacuum chamber.

The tripods are simply cylinders and
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D---- m

4

i

4X4

1
= i--6ft .

Hence. the effect of the trapped air on the tripod itself is negligible.

Another problem, however, is the outward velocity that might be

imparted to the canister halves and other masses attached to the tri-

pods by the elements expanding between them. For the upper part of

the satellite the pertinent parameters are:

151
m - 32.2

= 4.69 slugs

Length of tripod = 328.5 ft

Diameter of tripod = O. 25 ft

The final volume Vf of the three legs of the tripod

3 X /[(0.25)2 X 328.5
Vf = 4

= 48. 3 cu ft .

If it is assumed that the initial pressure

Po = l mm Hg

= 2.8 psf

and that the final-to-initial volume ratio is

Vf

= 1000,
0

then the total work done could be
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f.

g.

-122-

2.8 X 48. 3 X 6.908
W =

i000

= 0.92 ft ib.

Assuming all of this work is converted into kinetic energy of the at-

tached mass, the velocity is given by

= (2 X 0.92_1/2
4.69 l

= O. 626 fps . (20)

The total time for the mass to reach its full travel (fully extended

booms) would be

300
Time =

= 480 sec .

Inflation of the system will be initiated shortly after separation (15

sec) and the tripod booms will be at least partially inflated as col-

umns before their elasticity can start the mass on its return trip

to.ward the center of the satellite. Even partially inflated tripods

should be capable of arresting the return velocity of _h_ uAa_s.

Launch

No analysis is shown for the launch conditions. This phase of the

operation cannot be treated until the detail design stage of the pro-

gram. Past experience indicates that proper support can be pro-

vided for critical elements to meet the accelerations, vibration,

and shock loads that will be encountered during boost.

Pres surization Stud)/

(I) Introduction

The objective of the pressurization study was to size tentatively
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(z)

(3)

the flow control orifices and to predict the pressure-time rela-

tionships for the full-scale lenticular satellite. The concepts

and methods of analysis described in Appendixes B and C were

used in this analysis.

Assumed System Parameters

The full-scale satellite is shown in Figure 9. The lens has a

volume of approximately 3, i00,000 cuft and a surface area of

129,000 sq ft, while the torus has a total volume of 41,700 cu ft

and a surface area of 21,300 sq ft. Torus bulkheads are located

at 45, 90, 120, and 180 deg from the gas inlet port, clockwise

around the torus.

The pressurizing or inflating gas was assumed to be helium

stored at 3000 psi. This gas will pass through a pressure regu-

lator set for 5 psia and then through individual flow-limiting

orifices before entering the lens and torus. On-off valves and

pressure sensors will prevent the pressures from exceeding de-

sign values, or will maintain these pressures as required.

The first chamber of the torus will be pressurized to the design

value of 0. 1678 psia in approximately 80 sec and maintained at

this pressure. Atotal of five minutes has been allotted for pres-

surization of the torus chambers, _ollowed by ,.,.v_'"- _,,_.._,__'--"-_'_...._

pressurization of the lens to the design pressure of 0. 000316

psia. After lens inflation the design pressures will then be main-

tained for an additional period of two and four minutes for the

lens and torus, respectively, followed by shut-off of the pressuri-

zation system with pressure decay resulting.

Analy sis

The lens and torus must be perforated with exhaust holes to per-

mit depressurization. These holes are presumed to be 0. 020-in.

diameter, and the torus is assumed to have one hole in each
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square foot of surface area. Rigidity considerations indicate

that the lens should depressurize at least as rapidly as the torus,

and on this basis the number of exhaust holes per unit area can

be computed for the lens.

Appendix B presents the flow equations for the exhaust holes.

For free molecular flow in terms of upstream pressure:

WV"T _ 135.7
P-K (Zl)

V_

or, for helium:

.lZ4-

_--= 6.905. (2Z)

For choked continuum flow in terms of upstream pressure:

W_-T _ 340.3CD /K/-\V_ _-_--_] K+ 1 (Z3)PA K- 1

or, for helium with a coefficient of discharge bf 0.9:

wrY_
--P-A--- 11.30z. (z4)

Appendix B also indicates the transitional pressure as being in

the order of 0. 0063 psia. For pre_---:_-- -___ ...._Q_gn values,

the flow from the torus will primarily be continuum and from

the lens free molecular.

The depressurization equation was also derived in Appendix B

and can be expressed:

P
m -- e
P

o

A/wV h
-144 × 60V_P--P--A--/(8- 0o) "

(Z5)

The depressurization rate is therefore a function of (A/V) X

(W%fT/PA). For the lens to have the same depressurization

rate as _he tort!s:
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lens torus

Utilizing Equations 22, 24, and 26, it was computed that the lens

should have 20. I exhaust holes per square foot of surface area.

The lens was presumed to have 22 exhaust holes per square foot.

Appendix C presents the method for sizing torus bulkhead ori-

fices. Several constants in the analysis were changed because

the gas is helium rather than air; the helium values are Ii. 302

in Equation C-7, 14.69 in Equation C-8, 0. 4083 for the pressure

ratio determining applicability of Equations C-7 and C-8, and

0. 04470 for Equations C-9 and C-12. Only the analysis in the

vacuum condition was used. A supply flow rate of 3.1 ib/min

and bulkhead flow control orifice sizes of 4.5-, 3. 375-, and

2.25-in. diameters respectively, seemed to meet the specified

conditions. The resultant pressure-time curves are given in

Figure 58. The quantity of helium required for the 14 min of

torus pressurization is ii.92 lb. The stabilized pressure val-

ues, dP/d0 = 0, are 0. 1678, 0. 1655, 0. 1624, and 0. 1555 psia,

respectively, which is a variation of 7.4 percent.

•, _ :-- a^_,_4,,_ fh_ ]ens flowAppendix ]3 presents the zn_L,.uu ,v ............... _ _

rates and pressure-time curves. The pressurization equation

can be expressed as:

P = 0. 007369_.W ° - e , (27)

which reduces to

-0. 0020420) . (28)
P = 0.003736Wo(I - e

For the specified time of five minutes and design pressure of

0. 000316 psia, Equation 28 yields a mass flow rate (Wo) of

0. lo-,u'_L.u!1_-/rnln"......._'4g,,_-_ &g. presents a _Dlot of Equation 28.
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(4)

To maintain the design pressure, the supplied mass flow rate

must equal the mass flow rate through the exhaust holes. Equa-

tion 22 yields this mass flow rate as 0. 08458 Ib/min. The

quantity of helium required for the seven minutes of lens pres-

surization is I. 09 lb.

The depressurization equation has previously been expressed as

Equation 25, and is applicable for the lens and torus. Figure

60 presents Equation 25 in graphical form for the lens and torus.

The total quantity of helium required is the sum of the 1 I. 92 ib

for the torus and I. 09 Ib for the lens, or 13. 01 lb. When stored

at 3000 psi the required volume is 6. 16 cu ft.

The supply orifice sizes can be computed from Equation Z4,using

the upstream pressure of 5 psia and the computed supply flow

rates. The computed orifice sizes are i. Z67- and 0. 309-in. di-

ameters for the torus and lens, respectively. The supply lines

upstream of the orifices should be at least twice the orifice di-

ameters or Z.75- and 0.75-in. diameters for the torus and lens,

r e spe ctively.

Summary

For t},= lu_i-"'' o,.,_..---I^.,_._.._"+_114+=.....+h= h_]_,lm_ storage volume should ex-

ceed 6. 16 cuft at 3000 psia. The supply orifices should be

1.267- and 0. 309-in. diameters for the torus and lens, respec-

tively. Bulkhead orifices for the torus should be 4. 5-, 3. 375-,

and 2. Z5-in. diameters in order from the inlet port. If 0. 020-

in. diameter exhaust holes are used, the torus should have one

and the lens 22 holes per square foot of surface area.

The predicted pressure-time curves are given in Figures 58,

59, and 60.
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h.

o

(5) List of Symbols

A = orifice area

C D = coefficient of discharge

K = ratio of specific heats

P = total pressure in torus chamber, lens,
or ducts

PD = design pressure in torus or lens

P = initial total pressure
o

R = gas constant

T = total temperature

V = volume of gas in torus chambers or lens

W = mass flow rate

Wo = initial mass flow rate

e = time

e = initial time
o

Temperature Distribution Studies

The objective of the temperature distribution study was to pre-

dict lenticular satellite temperatures. These temperatures were

used in material evaluations and confirm that orbital tempera-

tures are adequate to cause photolyzation of the lens and possibly

of the torus. Measured values of the photolyzable film thermal

properties were used in this analysis.

After this study was completed the radius of the torus was de-

creased. This will reduce the radiation view factor from the

lens to the torus and slightly increase the view factor from the
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(z)

(3)

torus to the lens. The predicted temperatures for the new ge-

ometry would be slightly lower for the lens and slightly higher

for the torus. These temperature changes are of negligible

magnitude and the temperature distribution shown herein for

the large torus radius can be considered applicable to the final

configuration with the small torus radius.

Assumed System Parameters

The satellite analyzed was the full-scale model shown in Figure

9, and was presumed to be in a low earth orbit (altitude approxi-

mately Z50 mi) that passes through or near the earth-sun line.

The lens and torus were assumed to be constructed of 0.7-mil

(nominal) thick gridded film which is photolyzable on the lens

and might be photolyzable on the torus. The apparent thermal

properties of the film are given in Table VI for various dye con-

centrations. These properties are presumed independent of in-

cidence angle. The satellite also was presumed to be gravity

stabilized with respect to the earth.

The analysis considered the effects of film thickness, orbital

altitude, and orbital position on the temperatures.

Ana ly sis

Thermal radiation is the only significant means of heat transfer

within and to the satellite. External radiation inputs are direct

solar radiation, albedo (earth-reflected solar radiation), and

earth radiation.

The satellite was divided into 18,nodes as shown in Figure 61.

The I0 lens nodes are circular strips of equal area. Since each

half of the lens has a spherical radius of 4Z deg, the node bounda-

ries are 0 deg, 18 deg Z7 rain, Z6 deg IZ min, 3Z deg 14 rain,

37 deg Z3 rain, and 4Z deg. The eight torus nodes are also cir-

cular strips of equal area. Since each half of the torus has a
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TABLE VI - THERMAL PROPERTIES OF FILM

Property

Solar transmittance

Solar absorptance

Solar reflectance

Infrared transmittance

Tnfr_ r__d absorptance
(emittance)

Infrared reflectancw

Temperature of

emitting body
(F)

I0,000

I0,000

I0,000

-64

8

80

152

Z24

296

-64

8

80

'152

224

Z96

-64

8

80

15Z

224

296

Dye concentration

(parts dye per

I00 parts resin

by weight)

0

2

3

5

0

2

3

5

0

2

3

5

Any

Any

Any

Any

Any

Any

Any

Any

Any

Any

Any

Any

Any

Any

Any

Any

Any

Any

O. 7-rail film on 1.6-rail phospher bronze, 24 by 24 mesh grid.

Value

0.78

0.26

0.22

0.18

0.19

0.72

0.76

0.80

0.03

0.02

0.02

O. 02

0.64

0.61

0.57

0.55

0.53

0.53

0. 34

0. 37

0.41

0.43

O. 45

O. 45

0. 02

0.02

O. 02

O. 02

0.02

O. 02
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Figure 61 - Thermal Schematic of Lenticular Satellite
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-134-

circular radius of 180 deg, the node boundaries are 0 deg, 48

deg 6 rain, 94 deg 9 min, 137 deg 48 rain, and 180 deg. This

system of nodes presumes no temperature variation around the

nodes, as is the case when the satellite is on the earth-sun line

or in the earth's umbra. The above two ,orbi'tal positions yield

the highest and lowest satellite temperatures. To evaluate tem-

perature distributions radially around the nodes, each of the 18

nodes wouId have to be divided into several nodes, thereby in-

creasing the complexity of the analysis.

Thermal radiation heat or energy balances on each node are

complicated by the transparency of the lens and torus. Each

node views its surroundings (sun, earth, other nodes, and it-

self) through a series of overlays of transparent material. For

example, the external surface of node 15 views the earth di-

rectly, while the internal surface views the earth through the

torus film only and also through the torus film and two lens

films. The most extreme case of overlays is four, with the

internal surface of node 15 viewing itself through two lens films

and two torus films.

Radiation view factors from the external and internal surfaces

....... =^- +ho ==,-th. and the sun for each filmof each node to _ _o ,_,_, .........

overlay condition are fixed by the specified satellite geometry

and orbital position. These view factors were computed by using

standard equations and a unit hemisphere as described in pages

395 through 402 of Reference 8.

Incident radiation on each node consists of emitted radiation

from all 18 nodes as well as solar, albedo, and earth radiation

that might pass through intermediate layers of film. These

radiation terms might come directly from the source to the re-

ceiving node, or might be reflected from one or more interme-

diate nodes. Because the reflectances are in the order of 0.0Z,
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reflections are relatively unimportant. To simplify the analysis

by eliminating reflections, effective film transmittances and ab-

sorptances were used, and are defined as follows. For spectral

properties of a transparent film:

(Z9)

The effective transmittance is:

A

"_'_- A (30)

l-r_

The effective absorptance is:

_A- A

1-r_

(31)

•Then:

_+ aA = 1 (32)

An energy balance on each node (n) is then:

m = 18 J = 4

_A.T 4 _"_. _ _ _, A T 4 _-_. IF E m
--n -n = _ ,_, ,......... _ .I (n. m}_o- J

m = I J = 0 t.

J= 3

FjI rn] BB E I F (n, B)_o _ J(n, m)_o - J + fin, jE B

J= 0

+ FjI B]• (n, B)o-J +

E S S_n, S Q Fj(n, B) _o- J + Fj(n, B)I_- J

J=0

+

(In, S C J(n, + Fj(n, - J

J=0

(33)
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-136-

where

= _I Z m 7jm (34)m "tmx mx Zo-J o

B z-Bx z-B Bro -J : o 1 (35)

2. S =T.S X _IS So - J o _ (36)

The subscripts 1, Z, J in the above equations are defined

as the respective film layers through which the radiation passes.

The subscript o refers to zero layers, so that:

y m = ._B
o o

S

o

= 1. (37)

It is noted that the spectral properties of thermal radiation are

altered somewhat when passing through one or more transparent

films, due to the variation of spectral transmittance with wave-

length. This effect is neglected in this analysis for simplicity.

The radiation constants (B and Q) in Equation 33 are the values

at the apparent surface oI the eaAd-_, ;vhi!e the solar constant (C)

is the value at one astronomical unit from the sun. Because the

solar constant is defined in this manner, the radiation view fac-

tor to the sun must be defined as:

E I

Fj(n, S) = Fj(n, S)

A
np

= -_.
n

(38)

By specifying the film properties and orbital position, Equation

33 yields a set of 18 linear equations involving the 18 values of



SECTION III

Subsection Two - System Analysis GER.-11502

T 4 as the 18 unknown parameters. Simultaneous solution ofn

these equations will produce the node temperatures.

Table VII presents 8 solutions of Equation 33. These solutions

are for the lens film containing zero, 2, 3, and 5 parts dye per

100 parts resin by weight with the torus film being either clear

(0 parts dye) or the same as the lens film. Two orbital positions

were considered, the earth-sun line, and the earth's umbra with

an altitude of approximately 250 mi. Dye concentrations of Z,

3, or 5 parts are sufficient to raise the temperatures of lens

nodes 6 to 10 above the approximately 225 F required for photo-

lyzation, while the clear film (zero parts dye) is obviously in-

adequate. The torus is noted to be cooler than the lens, with

only one or two nodes exceeding 225 F with dye concentrations

of 2, 3, or 5 parts.

Although Table VII indicates that lens nodes 6 to 10 will photo-

1yze with dye concentrations of 2, 3, or 5 parts, it must still be

established that lens nodes 1 to 5 will also photolyze. This is

accomplished by taking the case wherein the lens dye concentra-

tion is 2 parts with a clear torus, and presuming that certain

nodes have been photolyzed, i. e____,their transmittances approach

uniLy. _-t------_....+_""...._ _'qa_ain_ valid, and Table VIII presents the re-

suits of this investigation.

As a first step the two hottest nodes, 9 and i0, are presumed

photolyzed. As shown, the effect on nodes 6, 7, and 8 is negli-

gible; nodes 3, 4, and 5 are cooler; while nodes I and 2 receive

dir@ct solar heating and atta{n high temperatures. The order of

photolyzation might conceivably be one of two orders, depending

upon phot01yzation rate with temperature. The first possibility

is, in order, nodes I0, 9, 8, 7, 6, 1, 2, 3, 4, and 5; while the

second possibility is nodes I0, I, 9, Z, 8, 3, 7, 4, 6, and 5.

If nodes 1 and 10 are photolyzed, the effect on nodes 6 to 9 is
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TABLE VIII - PARTIALLY PHOTOLYZED LENS TEMPERATURES*

Nodes photolyzed

Temperature of node number (F)

1 Z 3 4 5 6 7 8 9

None ZlZ 206 198 19Z 191 241 Z43 Z50 Z58

9, I0 Z94 Z87 178 179 183 Z41 Z45 Z54

I, I0 19Z 187 184 186 Z39 Z4Z ZS0 Z59

6, 7, 8, 9, I0 Z8Z Z73 Z62 Z54 Z47

Orbital position = earth-sun line, Z50-mi altitude.

Dye concentration of lens = 2. parts dye per 100 parts resin by weight.

Dye concentration of torus = 0 parts dye per 100 parts resin by weight.

Thickness of films = 0.7 mils (nominal).

I0

Z66

again negligible, while nodes Z to 5 are cooler. It is therefore

obvious that nodes 6 to 10 will photolyze no matter what order

of photolyzation occurs. With nodes 6 to 10 photolyzed, nodes

1 to 5 all exceed RZ5 F, and will also photolyze. Higher dye

concentrations will, of course, accelerate the process.

Another question of interest is the effect of film thickness on

temperature. In order to evaluate this effect the properties of

the Z parts dye film will be estzmated fu_ a thichne__s o¢ 0. 5 mils

(nominal) and compared to the values for a thickness of 0.7 mils

(nominal). With an 0.7-mil thickness the values of emittance

and solar absorptance are 0.45 and 0.7Z respectively, with ap-

parent reflectances of 0. OZ. The values of emittance and solar

absorptance probably vary exponentially with thickness, so that:

a-A _ "Dlt
= 1 - e (39)

A
1 -r

and

I "_¢%

"liT-
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A

aS N -Dzt

7[ = I - e (40)
1 - r

where D 1 and D 2 are constants. Using the 0.7-mil values, D 1

and D 2 are found to be 0.877 and 1.894 respectively. Neglect-

ing any variation of reflectance with thickness, the emittance

and solar absorptance with an 0. 5-rail thickness are 0. 35 and

0.61 respectively. The ratio of solar absorptance to emittance

for the 0.7- and 0.5-rail films is 1.60 and I. 74,respectively,

which indicates that the thinner film will have a higher tempera-

ture. For a double-wall transparent object the following ratio

_sA(_. _ (_SA)/6A(_. _ _A) is probably more indicative of tempera-

tures than the _sA/6 "A ratio; the same conclusion is attained by

use of this ratio.

The above discussion on film thickness is also applicable during

the photolyzation process. The film being photolyzed is expected

to decrease in thickness until it disappears completely because

the resin will photolyze more rapidly than the dye and the dye

concentration increase during photolyzation. Both of these ef-

-fects tend to increase film temperatures.

Orbital altitudes greater than 250 mi and positions other than on

the earth-sun line will decrease tempera_ur_ f_on-, the !i_ted

values. Although no formal computations have been made on

these variations, it is estimated that increasing the altitude to

7-000 mi will decrease temperatures by approximately 40 F, and

moving 30 deg from the earth-sun line will decrease tempera-

tures by approximately 15 F.

Another computation of interest is the thermal response time of

the film. For thermal radiation the thermal response time is a

variable dependent upon initial and final temperatures. As an

estimate consider a single sheet of 0. 7-mil (nominal) film of
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-1 T'
Z tan

unit area initially at -I00 F (360 1%) seeking an equilibrium tem-

perature of ZZ5 F (685 1%). The energy balance equation can be

written:

2_ A 0-(6854 . T 4)
dT

= WCp _ (41)

Int e g rating:

T 360

1- _ = Z tan "l 360 " _'_ + 8_'Ao-(685)30
- In T _ - In 360 WC

t + + p

(4z)

The emittance (A) is 0.41 and WC is estimated as 0.0031
P

Btu/sq ft/1%. Taking the temperature as i05 F (565 R), which

means the temperature has risen (i - 1/6) of the maximum, the

time is found to be approximately 9 sec.

(4) Conclusions

By the addition of small amounts of dye to the photolyzable film

the lens and torus temperatures can be raised to the levels re-

quired for photolyzation. The precise amount of dye required

cannot be established at this time. Additional data regarding

4.
th_r,_L=l ...... ".... A ,-_,_,_]v_.ation rates to_ether with sys

tern requirements such as orbital altitudeand inclination and

time required for the inflation-deflation sequence must be de,

fined in order to do this.

(5) List of Symbols

A
n

A
np

= area of node n (one side)

= projected area of node n with respect

to sun

B = earth radiation constant (66. 36)

C = solar constant (442.4)

_A
"A_I--
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C = specific heat of gridded film
P

D = constant

F E = radiation view factor from external sur-

face

F I = radiation view factor from internal sur-

face

J = number of intermediate films

n = node number

Q = albedo constant (176.96 on earth-sun
line)

A
r = apparent reflectance

T = temperature

W = mass of gridded film

= effective absorptance

A

In

= apparent absorptance

A
E = apparent emittance

0 = time

o- = Stefan-Boltzmann constant (0. 1714 X

10 -8 )

"_" = effective transmittance

= apparent transmittance

B
-_- = effective transmittance to radiation

from earth

= effective transmittance to radiation
from node m

- 14Z-
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i,

S

Subscripts

= effective transmittance to radiation

from sun

J = number of intermediate films

m = node number

n = node number

n, B = node n to earth

n, m = node n to node m

n, S = node n to sun

S = solar

" spectral

Error Analysis

(1) General

The equations required for the error analyses were developed

in Reference 3, and are included herein in Appendix D. The

basic equation is:

x) = _) +-- (AS)+ (AD) (43)

, , u 3SJ BDI
O O

For this case the included half angle is 4Z deg and from Figure

D-3 of Appendix D the values of the coefficient are:

O

O

- 1.43-
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The basic equation for the full-scale satellite becomes:

p = Oo - 3(/kS) + 4(AD) (44)

Under ideal conditions the radius of curvature of the lens would

be Po" Variations in arc length, /kS, and chord, /kD, from the

ideal values S and D will arise from several sources. These
O O

will be discussed below.

(2) Manufacturing Tolerances

It is planned to determine the diameter of the torus by measure-

ment before the lens is assembled to it. This will make /kD es-

sentially zero. A tolerance of two inches is e'stimated £o be

reasonable for the arc length.

Therefore:

Z
AS =--

iZ

= 0. 167 ft

and the error in radius of curvature

/kP = P- Po

= -3(0. 167)

= ±0. 50 ft .

(3) In-plane Rim Deflection

The maximum rim in-plane deflections were obtained in Item c.

Combining the two cases gives:

2(0. 226 + 0. 094)
/kD = IZ

= 0. 057 ft
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(4} Torus Pressure

(5)

Ap

(6)

= 4 X 0. 057

= 0. ZZ8 ft.

The nominal design pressure of the torus is 0. 1678 psi (Item b)

and the cross-sectional area is 6940 sq in. The total torus load

is 6940 × 0. 1678 = 1165 lb. Assuming that the pressure can

be controlled to ±10 percent the variation in load would be

±116.5 lb.

It was conservatively assumed that the load variation is carried

entirely by the rimwhich has a cross-sectional area of 0. 03351

sq in. The change in diameter is:

116.5 x Z67
AD =

O. 03351 X 18 X 106

= 0.051 ft

Ao = ±0. Z04 ft .

Lens Pressure

The nominal lens pressure is 0.000316 psi,based on awire stress

of Z3,000 psi (Item_a). The load-strain curve for the lens ma-

terial is not known but should be _ilnii_r h_ .... to .L .......

strain curve shown on page 29 of Reference I0. Based on this

assumption, the effect of a ±10-percent pressure variation on

the lens radius of curvature will be as listed in Table IX.

Temperature

The lens material is a composite with load-strain characteristics

that are affected by temperature. The stress-strain curve of the

copper wire is little affected in the temperature range of interest,

but the photolyzable film is very sensitive. This is apparent

from the stress-strain curves for photolyzable film at 74, 85
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TABLE IX - EFFECT OF TORUS PRESSURE VARIATION ON LENS

RADIUS OF CURVATURE FOR FULL-SCALE SATELLITE

Pressure

Torus

-10 percent

Nominal

+10 percent

Lens

(psi × 10 -3)

0.284

0.316

0.348

Wire stress

(psi)

20,700

23,000

25,300

Elongation, _*:

(in./in. )

0.0018

0.0023

0.0035

A_

(in./in. )

-0.0005

0.0012

AS

(ft)

-0.147

0.352

Ap

(ft)

+0.44

-1.06

(7)

and 100 F shown on page 72 of Reference 9. At 100 F the stress

is less than 10 psi for strains less than 0. 01 and the effect of

the film on the characteristics of the composite material can be

neglected for all temperatures above 100 F. No data are avail-

able on the cold temperature characteristic of photolyzable film

but it is evident that it will significantly affect the load strain

characteristics of the composite material.

From the above considerations plus the temperature distribution

study given in Item hit can be concluded that:

1. In the sun, both sides of the lens will

behave the _,,,e and depend only on the

wire properties. Therefore, the error

computed above due to lens pressure is

directly applicable.

Z. If the inflation is done in the dark the

temperature will be about -100 F and

the film properties must be taken into

account.

Summary

The computed errors are listed in Table X.
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TABLE X - LENS RADIUS OF CURVATURE

ERRORS FOR FULL-SCALE SATELLITE

Source of error

Manufacturing tolerances

Rim deflections

Torus pressure

Lens pressure

np (ft)

Positive

0.50

0.23

0.20

0.44

Negative

0.50

0. Z3

O. ZO

i. 06

J_:

Rim deflection and torus pressure contribute only small varia-

tions in the radius of curvature. Manufacturing tolerances and

lens pressure will cause the larger sources of error and should

be given careful attention in the future. The total errors, assum-

ing that all signs are the same, are +i. 37 ft and -1.99 ft. This

indicates that it is feasible to obtain the tolerance of ±2 ft speci-

fied for the over-all radius of curvature of the lens.

The above calculations assume that the seams have the same

load-strain characteristics as the basic material. If this is not

so, then the problem is primarily one of meeting the local ra-

dius of curvature requirements. _,.,_,_^ * +-, ,-,,=_rh the seams

and the basic material appear promising(Reference 9, Figure

39). From this figure it is evident that the 1.5-rail videne and

the 1.0-rail slotted Mylar show the most promise.

Weights and Inertias

The weights and inertias of the principal elements of the full-scale

satellite (see Figure 62), computed in accordance with the formulas

shown in Appendix E, are listed in Table XI.
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.

Figure 6Z - Principal Elements of Full-Scale Satellite

a.
m

FIFTY-FOOT-DIAMETER FLIGHT TEST MODEL

Lens

(I) Inflation Pressure

The lens material of the 50-ft flight test model will be I. Z-mil

copper wires spaced Zl per inch bonded on U. 6-mli phogoiyzabie

film.

Yield stress = _y

= Zl_(O. O01z)Z(z3,000)

= 0. 5463 Ib/in. (45)
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TABLE XI - WEIGHTS AND INERTIAS OF FULL-SCALE SATELLITE

Satellite component

MassMaterials

and

properties

Material

Young's modulus, E.

Poi_son's ratio, [_

Surface area (sq ft)

Enclosed volume

(cuft)

Weight per sq in. of

surface when photo-

lyzable film is ON

(ib)

Weight per sq in. of

surface when photo-

lyzable film is OFF

{ib)

Total weight (lb)*

Weight of helium (Ib)

Polar moment of in-

ertia I (lb ft sq)
z - z

Moment of inertia#

Ix - x or Iy_y(lb

ft sq)

Lens

(spherical

zone)

l-rail copper wire at

21 per inch. 0.5-rail

photolyzable film

Only copper 10- 16×

Torus

1-mil photolyzable

film

0.444 × 106 psi

Rim

0.00Z-in.

beryllium-

copper alloy

18 X 106 psi

106 psi

One cap 64,556

Between two spheri-

cal zones and rim

0.4

21,302

41,720

113
Actual foil

area -

I174.1

3,070,000

0.0000297

0.0000107

Two caps

ON - 552.2

OFF - 199.0

0.74

ON - 5,187,496

OFF - 1,868,896

ON - 3,089,019

OFF - I, IIZ,879

0.0000380

ON- 116.6

OFF - 0

5.30

ON - Z, Zl4, 35Z

OFF - 0

ON - l, 108,070

OFF - 0

0.000594

0.000594

100.4

1,798,696

899,348

M I

Z85

0

I0,345,979

M

u I

51

4,590,000

M

u 2

100

The designations ON or OFF in the table refer to the lens and torus photolyzable film before and after its dis-

appearance,respectively.

%Principal Moments of Inertia of Satellite

1. Without photolyzable film

=
Ix - x = Iy . Y 16,948, Z06 lb ft sq, I z _ z

Z. With photolyzable film ON

I = I = 20,032,416 lb ft sq, I
x-x y-'y z-z

I
x - x

= 3,667,592 lb ft sq;r---- = 4.621
z - z

i
x - x

= 9,Z00,544 lb ft sq;[------ = ;'. 177
z - z
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b.

P = ZOO X
25

133.83

= 37.36 ft

= 448.32 in. (46)

2 X O. 5463

448.3Z

= 0.002437 psi. (47)

(2) Buckling Pressure.

d 3

Pcr = 0. 19 IE c
sp

= O. 191 X 10 X 106 (O. O01Z) 3

(2-_-) (448. 32) z

= 34.48 X 10 -8 psi (48)

This pressure is much higher than the solar radiation pressure
-I0

of 13.6 X I0 psi (two orders of magnitude).

Torus

The torus material of the flight test model will be Mylar film. From

equations similar to 4 and 5 of the full-scale model, the ratio r/R

can be found,

r 2
(49)

64,400t t - 3

For tt = 1 rail,

r Z

R

= 0. 03257
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Then

r = 25 X 0.03Z57

= 0. 814 ft

= 9. 77 in.

The inflation pressure can be found from Equation 5, in which F. S =

1.25 and the number 10,000 should be replaced by 13,000; hence

[,3, OOO ,_

P - 9.77 × Z. 03257

- 1.047 psi .

c. Rim

(1) General

For material, cross sections, dimensions, and other properties

see Item j.

As in the full-scale model critical conditions are {1) IV-AM-OFF

for in-plane deflection and (Z) IH-AM-ON for out-of-plane de-

flection.

Concentrated loads at the ends of the tripods and distributed loads

around the rim can, in general terms, be taken from Table IV.

In the present configuration

where

700 =

R E = earth radius = 3437.7 naut mi,

4137.7 naut mi. Then

3437. 7 / 32.2

00 = 4137.7 _/4137.7 × 1. 15 × 5280

-3 -1
= 0.9404 × 10 sec ,

and o ° = R E +
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Z 10-6 -Z(d = 0. 88435 X sec ,

= I.7547 slugs, and

H0 = ZZ. 0Z ft.

The above values are common for conditions III and IV.

For condition llI (photolyzable film on)

-I z)+lA = (Ix. x z - x -x

1
= I-_

= 0. 7091 (51)

!
m

r

= l(z4.8 + 6.0 + 7.o) + z_(z5 x iz)
g

= 0. 000623 slugs/in. (5Z)

For condition IV (photolyzable film off)

= -I _z)+IA (Ix - x z x - x

1
= 1 - _----z-w-_

"1:° 1,2 _,, 12

= 0. 7835 (53)

m i = i(10. 0 + 6.0 + 7.0) + ZT_(Z5 X IZ)
r g

= 0. 000379 slugs/in. (54)

(Z) Maximum In-Plane Deflection

The maximum in-plane deflection is derived in the same manner

as for the full-scale satellite [see Item Z, C, (Z)].
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Pz = "k_H_022 (3 + 4_ sin2 _o)

-3
= -0. 156 X I0 ib . (55)

qrx = Rmr '°)2(I -4Asin 2 _o) sin

= Z5 × 0.000379(0.88435)10-6(I- 4 × 0.7835 X I) sin_

= -4. 75 X 10 -9 sin _ Ib/in. (56)

Q1 =Qz

= Q3

1 31zz5 25)= -7(0. 156)10- _. 02 + 4Z[b
,%

-3
= -0.0900 × i0 ib .

Maximum deflection at point 1 (see Figure 55) due to the concen-

trated loads Q:

2P_R 4 /i \

3 x 18 x 106 x o.0007776kTZjk_z-°z + 4z

= 0.00183 in. (very small), (57)

Maximum deflection at point _ = 90 deg due to distributed load

qrx
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W

q

R 4
_ q90 de_

6EI
z

4.75X (Z5 X IZ)4 X 10 -9

6 X 18 × 106 X 0.0007776

= 0. 00046 in. (very small)

(3) Maximum Out-of-Plane Deflection [See Item Z c (3)]

Px = _M2_ 092(I - /_) sin _-_

= 2 × 1.7547 × 2Z. 0Z × 0.88450 × 10-6(0. Z909)

-3
= 0.0199 X I0 lb.

qrz = ZRmr '_02(I +A) sin Z_ sin_

= 2(25)(0. 000379)(0. 88435)I0-6(i. 709i) sin

= Z8.64 x 10 -9 sin

F 1 = -F z

P

0.0199_ZZ. 0Z+4Z.03)_ Z5.0 X 10-3

-3
= 0.0Z944 X i0 Ib .

The deflection at five places is given by equation
.o

(58)

(59)

(60)

(61)
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F R 3
1

0

_.5823

0.9872

0.6396

0

0

O. 7891

1. 0061

0. 6859

at

60 deg

90 deg

120 deg

150 deg

180 deg

Substituting numerical values in the above equation (FIR3/EI x

0.0047 and FIR3/Gj = 0.0636) yields

0

3. 0529

0. 0686

0. 0466

0

inches at d =

60 deg

90 deg

120 deg

150 deg

180 deg

, respectively,

d.

from which the maximum out-of-plane deflection is about

_= i20 = 0. 070 inches (very small).

Tripod

As in the full-scale model analysis (Item Z, d) the maximum com-

pressive load is given by equation

., vT , 2[COS 0_ _./_11 )_% sin (_ ]

u u L _u u ]

for a = 90 deg and with the photolyzable film on.

-I 25.0
= tan

au 42.0-_ = 30 deg 45 min;

sin _ = 0.51120;
u

cos a = 0.85946;
U

/_ = 0.7091

Hence,

-155-



SECTION III
Subsection Two - System Analysis GER- 11502

1
L = -I. 7547(22.0Z)(0. 88435)10-62%/3(0. Z909) 0.51 IZ,0

-3
= -0.0674 × I0 ib .

Gravity-gradient and inertia distributed load for _ =

Z
qn 3tuba) y cos Gu

(6z)

90 deg,

(63)

Solar radiation pressure for specular reflection per unit l;ength of

boom "

q = 1815 X I0 l_-r Ib/in.
S O

(64)

Total distributed load

q = 3tuba) zy cos a u+ 1815(10-12)r ° lb/in. , (65)

where y is measured in feet along the radius of the rim (0 _ y =< R),

"' - '.... _i_.h) of _"..... "_- +_" boom _'_',_ inrnb t**emass per unit -=,_B_h ':-- uvv,_,,.............o _

inches.

Assuming that the material for the booms is the same as that of the

full-scale satellite (see Item 2, d), and that r = 1.0 in. the mass
-- 0 '

n%b , per unit length of boom can be found from the corresponding

value for the full-scale model by proportioning; thus

1.0 -6
: 15. oz5 x x lO

,_ 10-6= i0 X slugs/in.

Then,

q = 3(10)(10-6)(0.88435)(i0"6)(0.85946)y + 1815(10"12)(1. 0)

ZZ. 80Zy(10 -Iz ) + 1815(10 "12' ) .

For y =- 0
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qA = 1815 X I0 -IZ Ib/in.

For y = Z5 ft

qB

N -lZ -
= 570 X i0 + 1815 X i0 IZ

= Z385 × i0 -1Z Ib/in.

If a factor 1.5 is used to convert limit to ultimate loads (see Figure

63), then

-3
L = 0.0674 X i0 × 1.5

-3
= 0. i011 X I0 Ib

-iZ

qA = 1815 X I0 X 1.5

= Z.723 × !0 -9 Ib/in.

-iZ

qB = Z385 X I0 X 1.5

= 3.578 × 10 -9 Ib/in.

Beam length 2= (Z5.0 z + 4Z. 03Z) I/z

= 48.9 ft

= 586.8 in.

For the determination of the maximum deflection in the beam (stresses

are of no particular interest because they are negligibly small), the

same procedure - Equations ii through 17 - applies here as in the

full- scale satellite.

The constant quantity j in this configuration is equal to
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A .._ -- .,R,M 

e.

Figure 63 - Tripod-Boom as a Beam-Column

_= [0. 762 X

= 4866.

106 X Ir(1. 0)3(0.001)I 1/2-

O. 1011 X 10 -3 ]

Beck_use th_ ratin _/i eouals 586.8/4866 = O. 1206, which is a num-

ber much less than y, the axial compression, L, of the boom con-

tributes very little to the transverse deflection; hence,the maximum

transverse deflection can be approximately found from equation

5 qL 4

w - 3-_''_T'

where q is taken equal to the average between qA

ing numerical values in the above equation yields w

which is negligibly small.

Deployment

The effects of trapped air on the flight-test model can be evaluated

(66)

and qB" Substitut-

= 0. 002 in.,
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by examining the volume-to-area ratios as was done for the full-

scale satellite in Item Z, e. The resulting values are

1. Torus-h = 338/830 = 0.41 ft

Z. Lens- _, = Z0,256/4,505 = 4.5 ft

3. Tripod-h = 1/(6 X 4)= 0.0416 ft

In each case the value of h for the flight-test model is less than the

corresponding value for the full-scale satellite. From this it is con-

cluded that the effects of trapped air will be less critical for the

flight-test model.

The effects, of themasses attached to the tripods were examined in

the same manner as for the full-scale satellite,using the following

parameters :

22.5
m = "3Z.Z

= O. 698 slugs

Length of tripod = 48.8 ft

Diameter of tripod = 1/6 ft

2
×

Vf \v ,= 4

× 48.8

= 3.19 cuft .

With the same assumption in regard to initial pressure and the

ratio of final-to-initial volume the total work done is

W _._

2.8 X 3.19 X 6.908

I000

= O. 0617 ft ib

The velocity becomes
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fo

v : (.z.x o. o617h
0.'698 ]

= O. 4Z fps

and the time to reach its full travel is

4Z
time =

O. 4Z

= I00 sec .

This is approximately 1/5 the time required for the full-scale satel-

lite and is therefore more critical. However, this is still plenty of

time for the tripods to be at least partially inflated and to be capable

of arresting the return velocity of the attached mass.

Launch

No analysis is shown for the launch conditions. This phase of the op-

eration cannot be treated until the detail design stage of the program.

Past experience indicates that proper support can be provided for

critical elements to meet the accelerations, vibration, and shock

loads that will be encountered during boost.

Pre ssurization Studies

(i) Introduction

The objective of the pressurization study was to size tentatively

the flow control orifices and to predict the pressure-time rela-

tionships for the flight-test model lenticular satellite. The con-

cepts and methods of analysis described in Appendixes B and C

were used in this analysis.

(2) Assumed System Parameters

The flight-test satellite is shown in Figure 13. The lens has a

volume of g0,300 cuft and a surface area of 4, 510 sq ft, while

the torus has a total volume of 338 cu ft and a surface area of
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(3)

830 sq ft. Torus bulkheads are located at 45, 90, IZ0, and 180

deg from the gas inlet port, clockwise around the torus.

The pressurizing or inflating gas was assumed to be helium

stored at 3000 psi. This gas will pass through a pressure regu-

lator set for 5 psia and then through individual flow-limiting ori-

fices before entering the lens and torus. On-off valves and

pressure sensors will prevent pressures from exceeding design

values, or will maintain these pressures as required.

The first chamber of the £orus will be pressurized to the design

value of i. 047 psia in approximately 32 sec, and maintained at

this pressure. A total of two minutes has been allotted for pres-

surization of the torus chambers, followed by two minutes for

pressurization of the lens to the design pressure of 0. 002437

psia. After lens inflation the design pressures will then be

maintained for an additional period of two and four minutes

for the lens and torus respectively, followed by shut-off of

the pressurization system with pressure decay resulting.

Analy sis

The lens and torus must be perforated with exhaust holes to per-

mit depressurization. These holes are presumed to be 0.0Z0 in.

in diameter, and the torus is assumed to have one hole in each

five square feet of surface area. Rigidity considerations indi-

cate that the lens should depressurize at least as rapidly as the

torus, and on this basis the number of exhaust holes per unit

area can be computed for the lens.

Appendix B presents the flow equations for the exhaust holes.

For free molecular flow in terms of upstream pressure:

wvff 135.7
- (67)

v'g
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or, for helium:

-P-A-- = 6. 905. (68)

For choked continuum flow in terms of upstream pressure:

W%/-_
i/_ 21__$_q/ K + 1- 340.3C D K 1p-_"

or, for helium with a coeffi,cient of discharge of 0.9:

(69)

-P-A- - ]1'30z (70)

Appendix B also indicates the transitional pressure as being in

the order of 0.0063 psia. For pressures near design values,

the flow from the torus will be continuum and from the lens free

molecular.

The A......... _+_- equation ...... I=_ derive _ _,,A .... _,- B

and can be expressed:

P

_--=e
o

144 × 60 VkxP'P--A-"if'
0 - 0o) (7])

Wh,,.... depressurizatien rate is the,-efore _ f,mctio,_ o_ (A_/V)

(W_-T/PA). the lens to have the same depressurizationFor

rate as the torus:

_,,p--p--A_jlens : [_ (72.)7 -YJ,o,,u,
Utilizing Equations 68, 70, and 72, it was computed that the lens

should have 3.62 exhaust holes per square foot of surface area. The

lens was presumed to have 4 exhaust holes per square foot.

Appendix C presents the method for sizing torus bulkhead
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orifices. Several constants were changed because the gas is

helium rather than air; the helium values are 11. 302 in Equa-

tion C-7, 14.69 in Equation C-8, 0.4083 for the pressure ratio

determining applicability of Equations C-7 and C-8, and 0. 04470

for Equations C-9 and C-12. Only the analysis in the vacuum

condition was used.

A supply flow rate of 0. 36 ib/min and bulkhead flow control ori-

fice sizes of 9/16-, 27/64-, and 9/3Z-in. diameters, respectively,

seem to meet the specified conditions. The resultant pressure-

time curves are presented in Figure 64. The quantity of helium

required for the eight minutes of torus pressurization is 0. 449

lb. The stabilized pressure values (i.e. , dP/dO = 0) are I. 047,

I. 043, i. 038, and I. 0Z6 psia,respectively, which is a variation

of Z. 0 percent.

Appendix B presents the method for determining the lens flow

rates and pressure-time curves. The pressurization equation

can be expressed:

-0.015707 V
P = 0. 007369 W ° -e , (73)

which reduces to:

-0. 0019828) (74)P = 0.,5877W (i - e
o

For the specified time of two minutes and design pressure of

0. 002-437 psia, Equation 74 yields a mass flow rate (Wo) of

0.01959 Ib/min. Figure 65 presents a plot of Equation 74.

To maintain design pressure, the supplied mass flow rate must

equal the mass flow rate exhausting through the exhaust holes.

Equation 68 yields this mass flow rate as 0. 004146 Ib/min. The

quantity of helium required for the four minutes of lens pres-

surization is 0. 0475 lb.
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Figure 64 - Torus Pressures versus Time (Flight-Test Model)

-164-



SECTION III

Subsection Two - System Analysis GER.- 11502

/
/

/
/

/
/

\

I

/
/

/
/

I
I

I

SN_O.L
I _

o m _ _r N.
_ d ¢_ d o

Od/d '3_IN_'53_Id NglCJ30/3_In_;s3_Id

O

¢0

ur_

N

• Z

w"

F-
O

Figure 65 - Satellite Inflation Pressures versus Time (Flight-Test Model)
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(4)

(s)

The depressurization equation has previously been expressed as

Equation 71, and is applicable for the lens and torus. Figure 66

presents Equation 71 in graphical form for the lens and torus.

The total quantity of helium required will be the sum of the 0. 449

lb for the torus and 0. 0475 lb for the lens, or 0. 497 lb. When

stored at 3000 psi the required volume will be 0. Z36 cu ft.

The supply orifice sizes can be computed from Equation 70,uti-

lizing the upstream pressure of 5 psia and the computed supply

flow rates. The computed orifice sizes are 0.43Z- and 0. 1008-

in. diameters for the torus and lensprespectively. The supply

lines upstream of the orifices should be at least twice the orifice

diameters of 1. 0- and 0. Z5-in. diameters for the torus and lens,

r e s pe ctively.

Summary

For the flight-test satellite the helium storage volume should be

in excess of 0.236 cuft at 3000 psia. The supply orifices should

be 0.432- and 0. 1008-in. diameters for the torus and lens, re-

spectively. Bulkhead orifices for the torus should be 9. 16-,

Z7/64-, and 9/3Z-in. diameters in order from the inlet port.

If 0. 0Z0-in. diameter exhaust holes are used, the torus should

have 0.2 and the lens 4 holes per square foot of surface area.

The predicted pressure-time curves are presented in Figures

64, 65, and 66.

List of Symbols

A = orifice area

C D = coefficient of discharge

K = ratio of specific heats

P = total pressure in torus Chamber, lens,

or ducts



SECT10N 111

Subsection Two - System Analysis GER-1150Z

m

o_

¢v

o3

o3

W
n-
O_

z
0

U.l

hi
n_
n

10-0

10-1

10 .2

10-3

1

NTINUUM

"i\
',,\

FLOW

\
\

TORUS P_ =

\

LENS O D ....... =¢' •• • v,

FREE MOLECULAR FLOW

1.047 PSI

FREE

FLOW -

, \\
\

MOLECU LAR

, \\
\

\

\
0 20 40 60 80 1O0

TIME, 0 (MINUTES)

Figure 66 - Satellite Deflation Pressures versus Time (Flight-Test Model)
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h,
m

i.

m

PD = design pressure in torus or lens

P = initial total pressure
o

R = gas constant

T = total temperature

V = volume of gas in torus chambers or lens

W = mass flow rate

W = initial mass flow rate
O

e = time

= initial time8
o

Temperature Distribution Study

The flight-test lenticular satellite is, from a temperature viewpoint,

a nearly perfectly scaled version of the full-scale satellite.

The temperature distribution study for the full-scale satellite given

in Item Z, h, is therefore applicable to the flight-test model.

Error Analysis

(1) General

As in the case of _h_ f_111-scale satellite the coefficients ap/_S

and 8p/OD for _ = 42 deg are -3 and 4 respectively. The basic

equation then becomes,

P = @o - 3AS + 4AD .

@o = 37.36 ft;

D = 50 ft;
O

SO = Z_o = 54.77 ft.

Under ideal conditions the radius of curvature of the lens would

be Po = 37.36 ft. Variations AS and AD in arc length and lens
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(2)

(3)

diameter respectively from the ideal values S and D arise
O O

from the sources described below.

Manufacturing Tolerances

It is planned to determine the diameter of the torus by measure-

ment before the lens is assembled to it. This will make AD es-

sentially zero. A tolerance of 0.5 in. is estimated to be reason-

able for the arc length. Therefore,

1
AS = _ft,

and

z_p = p - Po

= - 3 (_-_-4_

= -0. 125 ft.

In-Plane Rim Defle ction

The maximum in-plane rim deflections, from Item c,is less than

0.00183 + 0.00046 = 0. 00ZZ9 inches; then

AD _ 2 X 0.00Z29
IZ

= 0. 00038 ft"

and

Z_p = p - Po

<

(4) Torus Pressure

4 × 0. OO038

0. 00152 ft.

The nominal design pressure for the torus is 1.047 psi (see Item

3, b_), and the cross-sectional area is Y(9.77) Z = 300 sq in. The
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total torus load is 300 X 1.047 = 314 lb. Assuming that the

pressure can be controlled to ±I0 percent the variation in load

will be ±31.4 lb. To be conservative it is assumed that the

load variation is carried entirely by the rim,which has a cross-

sectional area of 0. 01257 sq in. The change in diameter is

AD =
31. 4 X 50

0.01257 X 18 X 106

= O. 007 ft

Ap = ±4(0. 007)

= ±0.028 ft .

(5) Lens Pressure

The nominal lens pressure is 0. 002437 psi,based on a wire stress

23,000 psi (see Item 3, a). Using the stress-strain curve of Ref-

erence i0 as in item 2, i, and for the expected pressure toler-

ance of ±10 percent the effect on the radius of curvature can be

determined as shown in Table XII.

(6) Temperature

For the temperature effect, see Item 2, i, (6).

TABLE XII - EFFECT OF TORUS PRESSURE VARIATION ON LENS

RADIUS OF CURVATURE FOR FLIGHT-TEST MODEL

Pressure

Torus

-i0 percent

Nominal

+I0 percent

Lens

(psi × I0 -3)

2. i12

2.347

2.582

Wire stress

(psi)

20,700

23,000

25,300

Elongation,

(in./in. )

0.0010

0.0023

0.0035

A£

(in./in. )

-0.0005

+0.0012

AS

(ft)

-0.0274

+0.0657

Ap
(ft)

+0. 082

-0. 197
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(7) Summary

The computed errors are summarized in Table XIII.

TABLE Xlll - LENS RADIUS OF CURVATURE

ERRORS FOR FLIGHT-TEST MODEL

Source of error

Manufacturing tolerances

Rim deflections

Torus pressure

Lens pressure

Total

Positive

0. 125

0. 0015

0. 028

0. 082

0. 2365

Negative

0. 125

0. 0015

0. 028

0. 197

0. 3515

J._/.

,

a.

As in the full-scale model, the sources of large error are the

manufacturing tolerances and the lens pressure tolerance +i0

percent; hence,these sources should be given careful attention

in the future. The maximum error in the radius is 0. 3515 ft

from all sources. This is about 1 percent of the radius of the

lens, which compares with the 1.99-ft error in the full-scale

model.

Weights and Inertias

The weights and inertias of the principal elements of the flight-test

model satellite (see Figure 67), computed in accordance with the

formulas shown in Appendix E are listed in Table XIV.

COMPARATIVE STUDIES

Ge ner al

In this item a weight comparison is made of the full-scale lenticular

satellite as analyzed in Item Z of this Subsection with (I) a spherical
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Figure 67 - Principal Elements of Flight-Test-Model Satellite

satellite made of the same material as the lens of the lenticular sat-

ellite, and (Z) a lenticular satellite in which the lens material is that

of Echo A-12. In the latter case the comparison assumes equal length

booms fpr both configurations or equal concentrated masses. Finally,

in all cases the radius of curvature of the reflecting surface was taken

as Z.UU it, and in _hu u_=.- uf ....L,,__,.,,_,.,.,.,_._^-_----.1_. =hape_= the m_.q mnrnent

of inertia ratios Ix _ x/Iz _ z were taken equal.

Also included in this itemis a parametric study of tripod boom struc-

ture. The effect on weight, perturbing torque due to solar pressure,

and aerodynamic drag for two alternate methods of boom construction

are compared with the proposed full-scale satellite design.

Sphere

The sphere used in this comparison has the following characteristics:

Total area, A = 4=p z IZ) z= 4_(Z00 x = 7Z. 35 x

106 sq in.
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TABLE XIV - WEIGHTS AND INERTIAS

Materials

and

properties

Material

Young's modulus, H

Poisson's ratio, bl

Surface area (sq ft)

Enclosed volume

(cuft)

Weight in lb sq in.

of surface when the

photolyzable film is

ON

OFF

Total weight (Ib)*

Weight of helium (lb)

Polar moment of in-

ertia I (lb ft
Z - Z

sq)

Moment of.inertia "_"

I x - x' or Iy . Y
(lb

Satellite component

MassLens

(spherical

zone)

1.2-rail copper wire at

21 per inch. 0.6-rail

photolyzable film

Only copper 10 - 16 X

106 psi

One cap 2252.6

Between two spheri-
cal zones and rim

20,256. 5

0.0000382

0.0000154

Two caps

ON - 24.80

OFF - 10.00

0.037

ON - 8124.0

OFF - 3275.1

ON - 4853.4

OFF - 1956.2

Torus

1-mil Mylar

_y = 13,000 psi

cTU = 20,500 psi

0.762 X 106 psi

0.4

829.6

337.6

Rim

I O. 002-in.
beryllium-

copper

18 X 106 psi

Mf

0.000050

0.000050

6.00

0.268

3986

1995

I I

1/3
Actual foil

area -

82.25

0.000594

0.000594

7. O0

4396.92

2198.46

56.5

27,395.7

M M

u 1 u 2

I' _ ,i Ca._ .=.

20,315.0

The designations ON and OFF in the table refer to the lens photolyzable film before and after its disappearance,
respectively.

+Principal Moments of Inertia of Satellite

I. Without photolyzable film

I = I = 53,860.4 lb ft sq; I
x-x y-y z-z

2. With photolyzable film ON

I = I = 56,757.6 lb ft sq; I
x-x y-y z-z

I
X - X

= 11,658 Ib ft sq; 1--
Z - Z

= 4. 620

I
X - X

= 16,506.9 lb ft sq; _ = 3. 438
Z - Z
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Co

m

4 3 106 cu ft = 57.89 X
Volume, V =-_p = 33.5 ×

109 cu in.

Inflatfon pressure, p

Item 2, a, (I)]

Sphere skin weight =

2150 ib

= 0. 316 X 10 -3 psi [see

7Z.35 X 106 × Z9.7 X

Weight of inflation gas (helium) = 33.5 × 106

0. 316 × 10 -3
X 0. 01115 = 8.0 ib (weight of

14.7

helium under normal pressure and temperature

10 -6 =

is 0. 01115 pcf).

Weight of helium bottle = w b = 357.89 × 109 ×

0. 16 -_ 50 lb (titanium,0.316 X 10 -3 × 1.5 × 160,000

Ftu = 160,000 psi, density = 0. 16 pci, safety

factor, 1.5)

Lenticular Satellite with Echo A-12 Lens Material

(l) General

Yhe Echo A-IZ ...... -'^_, -_ _,_A,,,4rh rnnslsting of££.1.C_,1.._,_ .Lr.a.J. ": _ _ ............

Aluminum foil

Mylar film

Aluminum foil

Total thickness

0. 00018 in. thick

0. 00035 in. thick

0. 00018 in. thick

0. 00071 in.

The lens rigidization pressure must stress the aluminum foil

at 5000 psi. Considering the moduli of elasticity of aluminum

and Mylar (E A = I0 X 106 psi and E M _ 0.5 X 106 psi) and
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noting that strains in the Mylar and in the aluminum must be

equal the lens inflation pressure can be derived from the follow-

ing simple calculations

F M = O-M(O. 00035)

F A : O-A(0.00018)

= 5000 × 0.00018

= 0.91b

-_'M EA

F M

0.00035E M

0.9

0.00018E A

0.9
1800

-4
= 5 X 10 (75)

/. IJ._lJ. t

F M = 0.0875 ib,

= F + ZF Afs M

= 0.0875 + 2 X 0.9

= i. 8875 ib/in,

PL_
- I.8875, and

p = 0.001576 psi
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Because the torus buckling criterion was decided to be neglected

[see Item 2, a, (2)] the torus radius and inflation pressure will

be found from Equations 4 and 5. Selecting a torus radius r =

47 in. , the film thickness and inflation pressure can be found to

be about five times as high as the respective quantities of a len-

ticular satellite with copper wire-photolyzable film lens (pres-

sure p = 0.839 psi, film thickness t t = 5 rail, torus radius r =

47 in. ).

(Z) Equal Length Booms (without photolyzable film torus)

0. 000054
I = 1,868,896 X

z - Z(lens) 0. 0000107

t¢
9, 344,500 ib ft sq

I = i,798,696 ib ft sq
z - Z(rim )

I(z - z)(torus_) = 0

I = II, 143,200 Ib ft sq
z - Z(total)

0. 000054
I = I, I1Z,879 ×
x - X,lens,_j 0. 0000107

= 5,564, 4OO

I = 899,350
x - X(rim )

I.. =0

x - X(torus )

Ix - x( = 3002(Mu I) + 190.532(M_)
masses)

x - x

I
Z - Z

- 4.6ZI

6,463,750 + 90,000M
u 1

II, 143, Z00

+ 36, 302M 2

(76)
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d.

m

From statics (satellite centroid),

/100M ) -- ZSSMx300Mul + 390 \51 u 1

Solving these two equations for M_

M_ = 748 lb. Then

and M u yields.:M
u 1

100
M = M

u z u 1 51

= 393 Ib.

(77)

= Z00 Ib,

Table XV compares the results of the preceding investigation to

the full-scale lenticular satellite.

Parametric Study of Tripod-Boom Structure

(1) Introduction

The tripod analysis for the full-scale satellite is given in Item

Z, d. In this design it is assumed that only the Mylar is effec-

tive structurally and the contribution of the wires is neglected.

The wires are used to provide local stiffness to the Mylar which,

due to its memory, might have a tendency to wrinkle along the

fold lines that are introduced during packaging.

There are other tripod designs that might be advant_g_uu_ _ru_-n

a system standpoint. It is the purpose of this study to examine

these other possibilities and to discuss their relative merits.

(Z) Equivalent Structural Problem

The proposed tripod was analyzed as a beam-column with a trape-

zoidally distributed load. This is a lengthy calculation that can

be replaced by a much simpler problem to facilitate the study

with very little sacrifice in accuracy. This is demonstrated be-

low.
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TABLE XV - WEIGHT COMPARISON OF VARIOUS SATELLITE

CONFIGU RATIONS

Component

Lens

Torus

Rim

Mass M

u 1

Mass M

u z

Mass M_

Inflation gas

Gas bottle

Canister

Miscellaneous

(tripods, etc. )

Satellite configuration

, l-mil copper wire at

21 per inch, 0. 5-rail

photolyzable fihn Echo A-12 material

Lenticular Boom Conc entr ated

satellite Sphere lengths equal masses equal

(ib) (ib) (ib) (ib)

552.2 2150.0 i000.0 I000.0

116.6 583.0 583.0

I00.4 I00.4 I00.4

51. 0 200. 0 51. 0

i00.0 393.0 i00.0

285. 0 748.0 285. 0

6. 0 8.0 30.0 30.0

38.0 50.0 190.0 190.0

120.0

200. 0 200.0 200. 0 200. 0

1413.8 2528. 0 3444.4 2539.4

Pertinent data from the exact solution (Figure 68) are given below.

-3
P = 3. 848 X I0 Ib

qA = 4. 084 X 10 -9 ib/in.

qB = 7. 304 × 10 -9 ib/in.

2 = 3942 in.

= 8. 8855 in. about mid-span
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qA_ qB

P P

l _TRIPOD 3-IN. DIAMETER, 1-MIL MYLAR J

I_" rl
-3

P = 3.848 x 10 POUNDS

-9

qA = 4.084 x 10 POUNDS PER INCH

qB = 7.304 x 10 .9 POUNDS PER INCH

I = 3942 INCHES

(_ = 8.885S IN ABOUT MID-SPAN

Figure 68 - Exact Solution

The equivalent problem uses the same axial load with a uniformly

distributed load equal to the average load of the exact problem

(see Figure 69). A very good approximation to the deflection at

the center of the span is given by

_ o _78_
- ij

1 - ]5----
cr

where

- 5qg4 (79)
o 384EI

_2E I

Pcr- (80)

Substituting the same values used in the exact solution

-179-



SECTION iT/
Subsection Two - System AnalTsis GER- 1150Z

P

qA + qB
q -

2

 IlIIIIIIAIIIIIIII 

j-- .r I

P

Figure 69 - Approximate Solution

I = _R3t = 7[(i. 5) 3 X 10 .3 = i0.6 X 10 .3 in. 4

P
cr

Z -3
× 760,000 X i0.6 X I0 -3

= = 5. 13 X I0 Ib

(3942) 2

(4. 084 + 7. 304)
q - 7, X 10 -9 = 5.694 X 10 -9 ib/in.

5 X 5. 694 X 10 .9 X (3942) 4= = 2. Zl in.
O

384 X 760,000 X 10.6 X 10 -3

_ 2.21 _ 2.21 = 8.84in.
3. 848 0.25

1-5.--773-

The approximate and exact deflections are then 8.84 and 8. 885 in.,

respectively, or an error of about I/2 percent. This is sufficiently

accurate for the intended study.
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(3) Design Alternate I

Alternate I is a wire-film material of aluminum wire and 0.25-

rail Mylar. The difference between the full-scale design and

Alternate I is that in the full scale only the Mylar is considered

structurally effective whereas in Alternate I the wire only is

considered effective and the Mylar serves primarily to contain

the inflation pressure required for rigidization.

Alternate I material has been under investigation at GAC for

some time and analytical methods and test data pertinent to such

a design have been developed. 1, 3, 9 These data are sufficient

to estimate the weight of the tripod as a function of the radius.

The comparison is made on the basis that the axial load and

length of the tripod are the same and that the wires are selected to

give the same deflection at the midpoint. That is:

-3
i:' = 3. 848 X I0 ib

= 3942 in.

= 8.84 in.

The distributed load will be a function of tripod radius and weight.

From Item 9. ,q ,the d{strihuted loads; includin_ a'factor of safety
v

of I. 5,are:

From solar pressure

qs
= 1.815 × 10 -9 X 1.5 X R

= 2.7225 X 10-9Rlb/in. (81)

From gravity gradient the average load is

3 X 66.91 X 0.38975 X 10 -6 X

qg = 32.2

0.91325 X 1.5W

= 3.32 X 10"6W Ib/in. (82)
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W is the weight per inch of tripod .

The tripod construction, as shown in Figure 70,consists of 0.25-

rail Mylar with wires in the circumferential and hoop directions.

Let A w be the total wire area at a cross-section

A.vF = 2_R_

_.2Rd2

= _ (83)

The spacing of the hoop wires must be one-half the spacing of the

longitudinal wires to make the wire stresses the same in both di-

rections due to inflation pressure required for rigidization. The

tripod weight then becomes for 0.25-mii Mylar and aluminum

wire

0.25-MIL MYLAR

Figure 70 - Tripod Construction
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W = 2yRtYF + (A w + ZAw)Tw

1 3
= 2y × _ X i0" X 0.051%+ 3Aw(0. I)

= 0. 0785 X 10-3R+ 0.3A w . (84)

The total loading is then obtained by combining Equations 81, 8Z,

and 84.

q = 2.7225R X 10 -9 + 3.3Z X 10-6(0. 0785 X 10-3R + 0. 3A W)

= 2.983 X 10-9R+ 0.996 X 10-6Aw

= ClR + CzA w (85)

Equation 78 can be rearranged into the following form

P
p o cr - P (86)
cr

Substituting Equations 79 and 80, Equation 86 becomes:

4
yZE I _ZEI 5(CIR + CzA W)

_Z 12-_ 384EI
p (87)

or

EI-
5 _4(C1R + C2Aw) p,_2

'Z
3843

(88)

Noting that

(89)

Equation 88 can be written
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5_4 CzAw p_Z 5,[4
384_ = _ + --CIR3848

(90)

Solving for A w gives

"--Z-+3-'_4SP'_25_4 CIR

A w - _ (91)
ER z 5_ 4

3--_Cz

The above equations relate the wire area required to the radius

of the tripod. For this particular case the magnitudes of the

various quantities are:

_.2 i_o4_2 -3r_ _ 3. Ao v 1 0
Z z = 6050

..4
91

3848

...... 4 83 -95t_ve-1 2.9 × I0
--Cl - 384 X 8.84

- 1055

I055C 2

C 1

-6
1055 × 0.996 X I0

-9
Z. 983 X I0

35Z, 000

E 10 7
-- UV_-- VUU_z "-2-

Substituting the above values into Equation 9 1

6050 + 10551<
A w - (9Z)

(5k1< 2 - O. 352)106

In the above equation it should be noted that a new factor k has

been added. This factor is less than one and amounts to a re-

duction in the modulus of elasticity. It has been found in pre-

liminary tests conducted to date that the effective stiffness can

be much less than that computed by conventional means.
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The rigidization pressure, p, required is also of interest and is

given by

_yA w = 7rR2p

or

_yA W
p -

_R Z-
(93)

where cr is the yield stress of the wires.
Y

The perturbing torque and aerodynamic drag is also of interest.

This will not be determined directly but as a ratio, assuming

that these forces are proportional to the projected area, S, of

the membera. Because the configurations are the same and only

the diameter of the tripod is varied it follows that

T T'_

T S D S

S

SS

R
---- n

R_

R

1.5 (94)

where the subscript S refers to the proposed full-scale design.

The results of the following computations are given in Table XVI

for several radii varying from 0.8 to 2.0 in.

6. 050 + 1.055R. 10-3= X
AW 5kR 2 - 0. 352

in.sq

W = 0.0785R X 10 -3 + 0.3A wlb/in.
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i

W _ W

W S 2_Rt_

W
-3

3/r X 0.05 X i0

W

-3
0.472 X i0

T D 1%

D S 1.-_

6,500A W
p -

/rR2

A W
= 2065

R z

TABLE XVI - CALCULATIONS FO1% ALTE1%NATE I

Item

Fork = 1.0

R 2 (sq in. )

I. 055R (in.)

5R 2 (sq in. )

6. 050 + I. 055R (in.)

5R 2 - 0. 352 (sq in. )

A W X 103 (sq in. )

0. 0785R × 103 (in.)

0. 3A W X 103 (sq in. )

W X I0 3 (Ib/in.)

w/ws
T/T S or D/D S

p (psi)

Fork = 0.5

5kR 2 (sq in. )

5kR z - 0. 352 (sq in.

6. 050 + 1. 055R (in.)

A W × 103 (sq in.)

0. 3A w × 103 (sq in.

0.0785R × 103 (in.)

W X 103 (lb/in.)

w/w s
p (psi)

O. 80 in.

O. 640

O. 845

3. 200

6. 895

2. 848

2. 420

O: 063

O. 727

O. 790

h 670

O. 532

7.810

1. 600

1. 248

6. 895

5.51

1.653

O. 063

1. 716

3.63

17.8

Radius

0.90 in. 1.0 in. 1.25 in. 1. 50 in. 2. 00 in.

0.81 2.25 4.00

0.950 1.583 2.110

4.05 11.250 20.00

7.000 7.633 8.160

3.698 10.898 19.648

1.89 0.701 0.415

0.071 0.118 0.157

0.567 0.210 0.124

0.638 0.328 0.281

1.35 0.695 0.596

0.600 1.000 1.333

4.82 0.643 0.214

1.025

1.673

7.000

4. 18

1.254

O. 071

1. 325

2.81

10.6

1.00 1.5625

1.055 1.320

5.00 7.812

7.105 7.377

4.648 7.460

1.53 0.987

0.078 0.098

0.459 0.296

0.537 0.394

1.14 0.835

0.667 0.834

3. 16 1.29

2.500 3.906

2.148 3.554

7.105 7.377

3. 31 2.07

0.993 0.621

0.078 0.098

1.071 0.719

2.27 1.52

6.85 2.74

5.625

5.273

7.633

1.445

0.433

0.118

0.551

1.17

1.33

10.000

9.648

8.160

0.847

0.254

O. 157

0.411

0.870

0.44
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Two values of kwere used, l.0 and 0.5. The results are plotted

in Figures 71 and 72. Figure 71 shows the effect of radius on

weight and perturbing torque. Figure 72 shows the effect of ra-

dius on the inflation pressure required for rigidization.

Figure 71 shows the trade-off between tripod weight and perturb-

ing torque due to solar pressure or aerodynamic drag. It is evi-

dent that if k approaching unity can be realized, this method of

construction is definitely superior, for it is possible to reduce

both weight and torque. Several particular points of interest

are given in Table XVII.

If k approaches 0.5 then the advantage is not Clear cut. Weight

can be reduced then only at the expense of increasing torque or

torque can be reduced at the expense of increasing weight.

Regardless of the value of k it is apparent from Figure 72 that

the inflation pressure required will be greater than that required

for the torus or lens. Three pressures must be regulated if

this method of construction is employed instead of two, as in the

present design. This makes the Alternate I system more com-

plicated and less reliable, which is a definite disadvantage.

TABLE XVII - WEIGHT, TOI<_U_,

AND DRAG VALUES VERSUS

TRIPOD RADIUS

Radius

I. i0

1.25

1.50

2. 00

W

1.00

0. 84

O. 69

• 0.6O

T and D
Ts

0. 74

0. 84

1.00

1.33
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i

3.0

2.5

2.0

I._=

I.G
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o
z
< 0.5

u_

Q
X
<
o9

1

O 0.5 1.0 .5 2.0

TRIPOD RADIUS, R (INCHES)

Figure 71 - Weight, Torque, and Drag versus Tripod Radius
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Fig, ure 72 - Inflation Pressure versus Tripod Radius
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(4)

1
Pd

Design Alternate II

In this case it is proposed to use wire-film material as in Alter-

nate I except that the film will be photolyzable film rather than

Mylar. The advantage of photolyzable film would be a reduction

in solar torque and aerodynamic drag after the film has disap-
peared.

Immediately after deployment, while the film is still present,

the design condition will be the same as for Alternate I, assum-

ing that the photolyzable film weight required is the same as the

0.25-mii Mylar used in Alternate I. If this is so, then the pre-

vious analysis applies and no saving in launch weight would be
realized.

After the film disappears, the structure is altered in that the
shear must be carried in the wires instead of in the film. It is

therefore necessary to investigate the effect of shear deflections

on the structural integrity of the tripods.

The approach used is that given for latticed columns in Reference

i0. Using the nomenclature of Reference i0 a shear stiffness is

defined a s

m

AG

Z
ab a

+ _ (95)
IZEI 2 Z4EI 1

In the wire film application, member AB corresponds to the

longitudinal wires, member CD corresponds to the hoop wires,

and b, a are the wire spacing, respectively.

The quantities in Equation 95 are then for the wire film applica-

tion:
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A _ v/2

C

v/2
B

v/2

v/2

°l
a/2

11 = 1z

_d 4

b-4

b=S

S
a "- _

2

Substituting the above in Equation 95 gives

24E_'d 4

L 64 64

(96)
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,_q

The general expression for shear deflection is

_0 x _V
%S n= "X-G-dx , (97)

where 12V is interpreted here to be the load at the neutral axis,
n

or the maximum shear flow times the wire spacing

VS
av = m (98)

n _TR

Substituting Equation 98 into Equation 97 gives

_S = i0 V dx (99)

For a beam of length, ,_, with a uniformly distributed load, q,

the deflection due to shear at the mid-span is

SS- 10 S 3 fq_Z_
372 ERd_ S 7

(I00)

The bending deflection is obtained by combining"Equations 79,

83, and 89, which gives

_B

384E

5q£ 4

20q_4S

3847TZER3d 2
(lOl)

The ratio of shear to bending deflection is then

%S 8S2R z
(10z)
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For this application the approximate values of the above quanti-

ties are

S _ 0.25 in.

R _ 1.0 in.

d _,0. 01 in.

2 @ 4000 in.

Substituting these into Equation 102 yields

5s 1
_ (103)

3000

From this it is apparent that the shear contribution to the deflec-

tion is small and can be neglected in this application. Therefore,

after the film disappears, the strength and stiffness of the tripod

is for all practical purposes unchanged, the loads are reduced,

and it can be concluded that if the structure is satisfactory with

film it will also be satisfactory without film. The weights ob-

tained for Alternate I, therefore, are applicable to Alternate II.

The reduction in solar torque and aerodynamic drag can be es-

timated roughly by assuming that the torque and drag are pro-

.i • rr_1- _ _ _._portional to the total projected ar_ of Lz_ w_i_ ............

expressed conveniently as a ratio of projected area, S, to the

standard area, S
S

The projected area of the longitudinal wires per inch of tripod

S u = (d X I)_ -_

2_Rd
- _ (104)

There is twice as much hoop wire as longitudinal wire so the

total projected area of the wires is
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S = 3S L

6ztRd

- g (10S)

The standard area S
S

diameter tubes, so

is 3, since the proposed design has 3-in.-

S 2yRd
S-- = S (106)

S

For Alternate I the wire area required was determined as a

function of the radius R. These results are valid for this appli-

cation and can be used to evaluate Equation 106. Equation 83

canbe rewritten in the form

d2 2SAw
(107)

or

(10s)

Substituting.into Equation 106 gives

S _-_--I _'_W
: 2wV--v-N--

S

(109)

Equation 109 is evaluated using the values of R and A W from

Table XVI and assuming S is 0.25 in. These calculations are

shown in Table XVIII.

The values of S/S are plotted as a function of R in Figure 73.
S

The most interesting feature is that the value of S/S decreases
S

with increasing R for the cases without film. Since the weight

decreases as R increases (note Figure 71), it must be concluded
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TABLE XVIII - CALCULATIONS FOR S/S
S

k = 1.0

R A W X 1 0 4 RA W X 1 0 4

0.80

0.90

1.00

1.25

1.50

2.00

24.2

18.9

15.3

9.87

7.01

4.15

19.3

17.0

15.3

12.3

10.5

8.3

0. 0440

0. 0412

!0. 0392

0. 0351

0. 0324

0. 0289

#

S/S s

0. 249

0. 233

0. 222

0. 198

0. 183

0. 163

k= 0.5

ATW × 104

55.1

41.8

33.1

20.7

14.45

8.47

RA W X 10 4

44. 1

37.6

33.1

25.8

21.7

16.9

0. O664

0. 0614

0. 0576

0. 0508

0. 0466

0. 0411

s_-- = 5. 656
s

where R and A W are obtained from Table XVI.

S/S s

0. 375

0. 346

0. 326

0. 287

0. 264

0. 232

(5)

that the wire-film tripod with photolyzable film (Alternate II) is

the best design.

Summary

Two alternate tripod designs have been investigated and the re-

sults are summarized below:

i. Proposed full-scale design - The proposed

design, see Item 2, d, consists of three-

inch-diameter tubes of one-mil Mylar.

This design is light in weight and simple

to fabricate. Structurally the memory of

the Mylar might be a problem, but the ad-

dition of wire reinforcement as proposed

to stabilize the section locally should re-

solve this problem.

2. Alternate I - A wire-film material in which
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¢o
¢o

to

1.2

1.0

0.8

0.6

04

0.2

0

FI LM

= 1/2

]<=1

WITHOUT FILM --

0.' 1.0 .5 2.0

TRIPOD RADIUS, R (INCHES)

Figure, 73 - Torque and Drag Comparison
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e.

a practical minimum weight film is used

to contain the inflation pressure with the

loads carried entirely by the wires. This

approach is definitely advantageous (note

Figure 71) if a value of k approaching

unity can be realized. One disadvantage

is that a separate pressure control will

probably be required for the tripods (note

Figure 72).

3. Alternate 11 - This is the same as Alter-

nate 5 except that photolyzable film is used.

The weight should be the same as for Al-

ternate I but substantial reductions in so-

lar torque and aerodynamic drag are pos-

sible (see Figure 73). On the other hand

considerable development effort might be

required to answer the following questions:

i. What k can be used?

2. Can the inflation pressure be con-

tained with photolyzable film at the

=,,_rt_d temnerature 9

3. Can the wire intersections be made

such that no relative rotation occurs

between the longitudinal and hoop

wires?

Summary

This study shows that the full-scale lenticular satellite as proposed

herein is substantially lighter in weight than either an equivalent

sphere or a lenticular satellite with Echo A-12 material for the lens.

Compared to the sphere the weight saving amounts to 1115 ib or 44
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percent of the sphere weight. The comparison with the Echo A-lZ

material is approximately the same, the weight saving being 1126 lb

when compared to the case where the concentrated masses are kept

the same.

The weight breakdowns presented in Table XV provide information

from which the following conclusions can be drawn.

1. The principal part of the sphere weight (2150

lb) is in the shell and can be reduced only by

the use of lighter weight material.

2. The inflation system weight is relatively small

(58 lb),but it should be pointed out that the rela-

tive properties are dependent on size and that

the inflation system weight will increase more

rapidly than the shell weight.

3. The weight increase with the Echo A-12 ma-

terial can be attributed to two causes. The

first is the unit weight of the lens material,

which increases the lens weight 448 lb (from

552 to 1000 lb). The second is the increased

strength of the A-12 material,which in turn

requires a higher inflation pressure. This

affects both the torus and the inflation system

weights. The torus weight increases 446 lb

(from 117 to 583 lb) and the inflation system

176 lb (from 44 to 220 lb). Therefore, the in-

creased weight of the material accounts for

448 lb and the increased strength for 642 lb

or a total of 1090 lb.

The study of alternate materials for the tripod booms show that Al-

ternate IT, aluminum wire with photolyzable film, is the best. The
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weight, torque due to solar pressure, and aerodynamic drag can be

reduced simultaneously from the corresponding values for the full-

scale satellite. On the other hand considerable development work

might be required to establish the desired level of confidence in this

approach. Alternate I, aluminum wire plus 0.25-mil Mylar might

have advantages over the present concept, but additional work on this

approach is required to estabiish the value of the parameter, k, be-

fore specific conclusions can be made.

, CONCLUSIONS AND RECOMMENDATIONS

As a result of the studies and analyses made during Phases I and II it is

concluded that:

i. it is feasible to meet the system requirements with

the full-scale satellite proposed herein.

2. The flight-test model will in general be structurally

less critical than the full-scale satellite.

3. A flight-test model is desirable to demonstrate and

to obtain information regarding packaging, deploy-

ment, rigidization, and orbital behavior to increase

confidence in the basic concept and to improve the

design of the iull-scaie satellite.

4. Alternate studies show that the proposed design is

lighter than a similar lenticular using Echo A-12

material for the lens or for a 400-ft-diameter

sphere.

5. A further reduction in weight is possible by refine-

ment in design and development of improved ma-

terials.

It is recommended that:
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i. Work to be continued on material and fabrication

development, design studies, and component test-

ing with the objective of decreasing launch weight

and increasing the confidence level.

2. A detail design and test program for a flight-test

model be initiated.

I I I
X -X' y - y' Z - Z

6. LIST OF SYMBOLS

A = area enclosed by the periphery
of the rim cmoss-section

D = lens chord

E = modulus of elasticity

F = concentrated load normal to the

rim plane

stress, in general

factor of safety

shear modulus

acceleration of gravity on the
surface of the earth

the tripod apex

= mass moments of inertia of

satellite about principal axes

x, y, and z

= moments of inertia of rim cross

section about centroidal axes x

and z

j 4A2+ _d, for the rim cross

section

.FEl.
j =_: In a beam-column

f ._

F.S=

G=

g =
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Z ._

M=

M =
x

m =

x, y_

m f

r

p __

p =

Q=

q

r _-
r%

S ___

boom axial load

boom length

concentrated mass

bending moment at station X

mass per unit area

mass per rim unit length, as-

suming that rim, torusp and

lens masses are uniformly
distributed around the rim

load at the tripod apex

inflation pressure

concentrated load in the plane
of the rim

uniform radial pull on the torus

from the lens also (with sub-

scripts) any distributed load

rim radius

radius of torus meridional sec-

tion

radius of tripod leg (boom)
cross section

lens arc length

t = thickness in general

in-plane rim deflection; also

tripod boom transverse deflec-

tion

Cartesian coordinates originat-

ing from the center of the rim

(x and y in the plane of the rim,

z along the polar axis of the

satellite)
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Sub script s:

0

_' /_0 -

=

p=

angular deviation in the orbital

plane between the polar axis of
the satellite and the radius of

the earth

angle between the polar axis of

the satellite and its orbital plane,

degrees

rim deflection normal to its

plane

elongation

parameter angles

(Ix x -I ) +I- z - z x - X

Poisson' s ratio

lens radius of curvature

angular velocity of satellite in
its rotation around the earth

c = copper

cr = critical

f = lower or lens

u = upper

t = torus

y = yield

b = boom

r = rim

i, 2, 3 = locations on the rim corre-

sponding to the values _ = 60,

180, and 300 deg,respectively

x, y, z =-associated with respective
axis
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SECTION III - TECHNICAL DISCUSSION - PHASES I AND II

Subsection Three - Stabilization and Orientation Systems

I, GENERAL

The gravity-gradient stabilization system and the orientation system for

the proposed passive lenticular satellite have been studied.

The purpose of the stabilization system is to maintain the attitude of the

lenticular satellite in an upright position within a nominal accuracy of ±3 ,

deg. To accomplish this, the stabilization system must ensure that initial

attitude errors are damped out within a reasonable time limit and must

also ensure that steady-state perturbing torques on the satellite, such as

those due to solar pressure and orbital eccentricity, are prevented from

building up attitude errors in excess of the nominal accuracy. The grav-

ity-gradient stabilization system consists of gravity-gradient booms with

attached canister load and a libration damping device. Figure 74 pre-

sents a schematic of the system. For gravity stabilization purposes,

the important considerations are the moments of inertia of the principal

axes ot the satellite, including _ _ .................. _ ..... , °

booms and their associated canister loads, as well as the energy dissipa-

tion capability of the damping device.

The purpose of the orientation system is to provide proper attitude of the

spacecraft prior to the time when the gravity-gradient stabilization cap-

tures the attitude of the lenticular satellite in its fully deployed configura-

tion. The orientation system thus functions from shortly after orbital

injection until the gravity-gradient stabilization system is ready to cap-

ture the attitude of the fully deployed satellite. In this interval of time,

the orbiting payload is going through a metamorphosis that changes its

configuration from a pair of hemispherically sealed canisters to its final
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OUTER DAMPER ELEMENT

_AMPING FLUID

INNER DAMPERELEMENT

TORSIONAL MODE

HELICAL SPRING

PLUNGING MODE

BOOMS

Figure 74 - Rice-Wilberforce Damper Applied to Lenticular Satellite
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configuration. The orientation system consists of a timing device and a

despin mechanism, which ensure that the angular momentum of the pay-

load (as established by the orbital injection stage of the propulsion sys-

tem) is reduced to a low value at that point in the orbit where the momen-

tum vector originally due to spin is vertical. On the basis of studies

made so far, it appears that the orientation system does not require any

active attitude control jets or magnetic torquing coils. The tolerance on

the accuracy with which the orientation system kills the momentum vec-

tor is relatively crude, but the gravity-gradient stabilization system is

able to capture the attitude of the satellite with initial attitude errors on

the order of 40 deg and attitude rate errors on the order of the orbital

rate. (See Reference i, Figure 7.)

STABILIZATION SYSTE M

a. General

The stabilization system for the passive lenticular communication

satellite consists of the set of gravity-gradient booms with the at-

tached canisters as inertia loads and a damping device. Perform-

ance requirements of the damping system are assumed to be a damp-

ing time constant of less than five orbits and the suppression of

steady-state forced errors in pitch and roll to less than 3 deg. On

the basis of studies made so far, it appears that these performance

requirements can be met. Studies made to date have been primarily

concerned with the stabilization performance achievable on the opera-

tional satellite configuration. There is no reason to expect that

adequate performance cannot be achieved on a test satellite of much

less weight and inertia.

Studies of the gravity-gradient stabilization system were made for

both transient conditions as well as for steady-state disturbing con-

ditions. The equations of motion applicable to the gravity-gradient

stabilization problem were developed using the classical method of
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b.

-206 -

Lagrange. These equations were simulated on both analog and digital

computers. Various forms of the Rice-Wilberforce gravity-gradient

damping device were investigated, including forms such as a simple

single-mode lossy spring and tip mass, a dual-mode lossy spring ,

with the tip mass, and a dual-mode 10ssy spring with tip mass and

internal fluid damper within the tip mass. Figure 74 presents a

sketch of the dual-mode lossy spring and fluid damper as applied to

the lenticular satellite. This last mentioned form of the damper is

an optimum one, being very efficient as a gravity-gradient device giv-

ing damping time constants in both pitch and roll axes of the order of

I-i/2 orbits and with no steady bias or hang-off errors. However,

further studies must be done to assess the full effect of cross-

coupling in the equations of motion. The results are therefore some-

what tentative.

Equations of Motion for Lenticular Satellite with Rice-Wilberforce

Damper

(i) General

The equations of motion presented here are the basis for study

of the stabilization and damping of the gravity-gradient-stabi-

lizedlenticular satellite. They have been used for both analog

and digital computer studies. They are an adaptation and exten-

sion of the equations developed by Dr. J. L. Vanderslice at

AImL-JHU for studying the dynamics of the TRAAC satellite.
Ii

The original equations are published in TG-502.

The coordinate systems, Euler angle set, and nomenclature are

identical to those used in the reference, with the addition of

terms necessary to describe the additional degree of freedom of

the Rice-Wilberforce damper concept. The system configuration

and the YXZ Euler angle orientation are depicted in Figure 75.

The applicable simplifying assumptions from the reference with

changes in wording as believed necessary along with two addi-

tional assumptions are presented below:
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Figure 75 - System Configuration and Attitude Parameters
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i. The orbit of the center of mass (C. M. } of the

satellite-damper system is inexorably circular.

2. The inner and outer masses at the end of the

spring are considered as point masses. The

weight of the spring is neglected.

3. The axis of the helical spring remains rectilin-

ear, and the spin axis of the end masses lies

along the spring axis. There is no torsion in

the spring connection to the canister.

4. Although the spring loss is expected to be prin-

cipally hysteretic, it has been represented by

an equivalent viscous damping.

5. In the collection of trigonometric terms in the

final differential equations of motion, third-

order terms are negligible except where

is concerned (see next assumption); that is,
sin @= 0, sin 2 @= @Z, cos @ = I - (82/2),

2 @Z,cos @= 1 - sin @cos @ = 8, and cos @

cos = i - (0z/z)- z/z.

A Third-order terms containing _ when mul-

tiplied by I s or Im are negligible.

7. The nonlinear spring can be simulated by a "con-

stant" Spring constant, based on desired equilib-

rium length and helix angle, and a bias in the "2

equation, which results in static equilibrium

about

The original equations in the reference contained seven degrees

of freedom. The equations presented here have one more de-

gree of freedom, resulting from inclusion in the dynamics of

the Rice-Wilberforce damping concept. The term M/(m + M)
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has been retained as a multiplying factor in the energy expres-

sions, therefore resulting in differences from the reference

equations. Depending on the damping and weight requirements,

this term may or may not be approximated by unity.

The revised nomenclature and the energy and dissipation func-

tions are presented first, followed by the revised equations of

motion obtained by applying Lagrange's methods.

(2) Nomenclature

xM,

('} = d( }/dt

09 = constant orbital angular velocity, rad per sec-
ond

P, = distance from system C.M. to earth center, ft

L = distance from satellite c.g. to spring attach-

ment, ft

r, r = instantaneous and equilibrium length of spring,
e ft

M, m = mass of satellite, combined weights on end of

spring, slugs

_a = modified mass of spring weights, _ = mM/M + m

_" v 7 = l_4r _ct_n_ula_ coordinate systems, rotating

about Y at orbital speed

X m, etc. = rectanguiar coordinates of M, m

4, 1], _ = principal body axes of satellite

_, Ir], I_ = principal moments of inertia of satellite, slug-
ftZ

I S' Im = spin moment of inertia of fixed mass at end of

spring, inner mass, slug-ft 2

f{l' 01' _1 = Euler angles for satellite, rad
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_I' 02 = first two Euler angles for fixed mass,
rad

_Z spin angle spring massof and outer

relative to attachment, rad

}P3

2

klmO_

spin angle of inner mass relative to

the fixed (container) mass, rad

Hooke's constant of spring, ib/ft

kzmo) =

2

k31sW =

equivalent viscous damping constant of

spring, lb-sec/ft

torsional spring constant, ft-lb/rad

k 4 q/_S e)2 =

k51s0_ =

spring cross-coupling extension and

wind-up, ft-lb/ft or ib/rad

spring torsional damping, ft-lb sec/rad

k6!mW = torsional (viscous) damping constant
acting on inner mass, ft-lb-sec/rad

, L o , L = external torques acting on satellite
L_I 1 _kl about Euler axes i, Z, 3, ft-lb

T, V, D = system kinetic, potential, and dissipa-
tion functions

N = ratio of masses (m + M)/M

Subscripts 0, 1, 2, 3 = orderly rotations in a 3-Euler angle
rotation

(3) Equations

(a) Kinetic Energy

_ {L2(_I 2 _2 [_T = -2-- + _12c201 ) + r2(g22 + _22c281) + + 2Lr ig2(cOlc02 +

SOlSOzC(_2 -_i) + 61_zSolCozsI_2 -_iI-o2_iCOlSOzs(_2-_I)+

_1_2c°1c°zcc_2 -_l)] + ZL_[61CCOlS°z"S°lC°zc(¢z "_l) +
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_iCelceZS(¢z-#i)]+zo)[LZ#icZel+Lr(61se1¢ezSCCz-#1)-

6ZCelseZ_(#z - #1) + _l=elCeZ¢(#z - #1) +#Z_elcez¢(# z - #i ) +

rZ#Zc282 + Lrc@ic82s(# 2 - #i )] + 0)2 [LZc2@I+ ZLrc@2c(# z - #i )

r c Z + 6 01 + 61(0) + #l)CSlSZOl +

(0)+_l)zCZOlSZ_l]+I_[61ZsZ÷1-61(0)+¢l)¢OlSZ01+

(0)+_l)2¢ZOlCzOl]+i_[_0)+¢l,ZSZOl-zo1(0)+_l)Sel+ _lz]

+ zm(41c#zcez• 4z + &3)z}%(&Ic#zcez+ 4z)z (11o)

(b) Potential Energy

Z
0)

V= T klmr z + Zk 4_( r - re)_ 2 + k31 s #Z z +

m0)ZT[ Lz(I - 3cZ#ICZ#l) + ZLr(c@ic@zs#ls#z - 2c@Ic@2c#IC#Z+

Selsez)+ rz(1-3¢ZezcZ#z)]-_0)z{zf[(¢z#iszel.- _z#1)cz01+

z# )cZ_"Is 1 ' -sZ#is{)iSZ_l + cZ#icZ{)l] + I [- (cZ#IsZ{) 1 -

(111)
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(c) Dissipation Function

D = _(mk2 {'z+ Isk 5 _22 + Imk 6 _32) (112)

(d) System Differential Equations (8 Degrees of Freedom)

(I_ - IT/)s_ic,l'_l + (l_cZ_Jl + 111sZ_l )_I + mL(02 " 01)r

I cZ¢! - IF)eI - mLZ(ez _ el)]_ I - Z_Lr(O z - el)_z +

8 2

1 coZ _ IF

3_-_L(L + r)(8_ - 81) - 3s_ic_z,(l: - I )_I]
" " ° _ '_ '1 -J

= L8 (113)

(i#sZV,1+ I cz,i)¢i+ (I¢ - i7)s01c_,1_1 - I_o 1_1 + mU#z
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_ {-ZmLZ(#Z -#i)#i -Z(z_sZ_,1. + Z,I_Z_1 -I_)0161 -ZmZr(¢ z -#I)#Z +

2} 2{z(1_:_%)s_ic _i(i_eI )_i + 3(Ifcz_1+ I_sZ_1

3mL(L + r)(#1 -#z)-3s_IC_l(I_ -I)eI} : L#1 (114)

• Z

f

2 I - Iz])s01c01 + - I )s - 48 1 +w (z_ (I_ 01c01(3#iz z)

3#islcz 1(zf-z)} = L_,1 (i15)

1 + (3L + 4r)Oz] = 0

(i16)

L_ I + r'#z + z_-#z +z_[L(¢z-¢i)#i-LOI_I-rezez+_]+ 3_Z(L + _)#z = 0

(I17)
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L(_2 - _1)_1 + L(O z - 01)@ 1 + _ - L_I 2 - L()I 2 - r_z 2 rE)22 -

-3 + (oI
l

NklreJ = 0

+ 022 + _12 + _22) + 0102] L + ink 4 _/Is/m _2 + 3(re + L) -

(118)

2

[k3%_2+k4_s_ (r-re)l =0 (i19)

+ _2 + + ook6 = o (12o)

c. Rice-Wilberforce Spring Equations

The basic concept of the l_ice-Wilberforce damper involves use

of the cross-coupling characteristics of the helical spring as a

mechanism for converting plunging motion into rotary motion.

At the beginning of this study it was found that the available lit-

erature and classic textbooks on spring characteristics did not

provide an adequate coverage of properties of helical springs

in the region of parameters needed in this application.

-214-



SECTION III
Subsection Three - Stabilization and Orientation Systems GER- I1502

For this reason, the necessary equations were developed as a

part of the study. Subsequently, a Russian paper 12 was found

to be nearly identical to the work summarized here and served

to corroborate the validity of the analysis.

The analysis which follows is not intended to be an all-encom-

passing treatise on the subject of helical springs but is reason-

ably broad within the following constraints:

1. It is assumed that the spring is made of

wire of uniform-symmetrical cross sec-

tion and that the helix angle and radius of

the coil are uniform throughout the length

of the spring

2. The wire diameter is small compared to

the radius of the coil, so that curved beam

effects on stress distribution and stiffness

are negligible

3. It is assumed that all deflections of the

spring result from bending and torsion of

the wire; that is, that deflections due to

direct stresses (axial and shear) are

negligible

4. The wire behaves elastically

The general expressions for the axial load and rotational mo-

ment are developed as a function of the wire characteristics and

geometry (including initial unloaded geometry).

The stiffness coefficients (spring constants)are evaluated by

taking appropriate partial derivatives of the force equations.

Note that the nomenclature used to denote these stiffness coef-

ficients in this derivation differs from the nomenclature used

in the equations of motion because of convenience.
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i

-216-

(z)

Special cases of particular interest in this study are evaluated

in more detail, and curves are plotted to facilitate the choice

of parameters for the dynamic study. Figure 76 is included to

show the result of linearization of the spring characteristics.

Further study of spring characteristics is desirable in the

following areas:

i. The theoretical and practical implications

of utilizing springs with various unloaded

lengths.

2. The effects of using wire of noncircular

cross sections, for example, flattened

cross sections. The equations indicate

that the cross-coupling can be enhanced

by this means. Other characteristics as-

sociated with this need more study.

3. Practical design considerations of the

geometry of the terminal of the coil.

4. The behavior of springs built from wire

coated with inelastic materials.

vulnerability to entanglement.

Helical Spring Geometry R.elationships

A helical spring may be geometrically interpreted as the geo-

metric figure that results from the bending and twisting of a

straight uniform wire around a right circular cylinder at con-

stant bending and twisting rates, so that the same longitudinal

filament on the wire surface is always in contact with the sur-

face of the right circular cylinder.

Figure 77 shows a helical spring with its various geometric

parameters.
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•Figure 76 - Comparison of Spring Parameters
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I _ = HELIX ANGLE

R = CO,LRAo,us

L-d

Figure 77 - Geometric Parameters of

Helical Spring

IX

T D

Yl-

The bending and twisting of the wire

around the right circular cylinder

gives rise to the following relation-

ships between:

I. The internal torque in the

wire, T

Z. The internal bending mo-

ment in the wire, M

3. The unit twist in the wire,

G

4. The radius of curvature of

the wire,p, associated with

the moment, M (the sub-

script zero refers to initial

unstre s sed conditions ):

and

I_ m i (iZl)
p EI+ '

T

G = --+JG G0 . (iZZ)

Note: Right-hand rule for moments

The following derivation gives the relationship of the helical-

spring geometrical parameters R and 8 to G.

Problem:

Determine the unit twist required to keep a longitudinal filament

of the round wire of a helix spring in contact with the cylinder

enclosed by the helix for any given helix angle and radius.
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!

!-

f
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I

!

I "_ I /

i

I

I

I

I//P_"

R\ i /

wr_
Z O

H

E

A

J

O

E

F

A
8

PROJECTION ON PLANE

D e finitions :

R = radius of helix

@ = helix angle

EC is a line in a plane tangent to the

helix cylinder and perpendicular to

the helix.

A and C are two points on the helix.

Analysis:

The total twist of the helix between

points A and C is the angle, _, de-

fined by the angle EC makes with the

plane perpendicular to O---Aas _ ap-

proaches zero.

The following relations are obtained

from geometry:

True angle <_ CEF = @

Tan _/ = tan @ sin

as _ -_0 sin_---_

Therefore,

tan _ = _ tan @ , (123)

and

arc CA - R_
cos "@ " (124)

Since _/ is the vector component of

0_ in the vertical direction, it follows

that

tan 0_ = tan _ cos O . (125)
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Substituting Equation 112 into 114 gives

tan _ = _ tan @ cos @ = _ sin @ .

For small angles

tan _ = _,

Therefore,

= _sin@ .

Since the unit twist is defined as the total twist divided by the

length, it follows that

unit twist = 0t E
_ _sin@

CA _ =

COS

sin 0 cos @

I%

The following derivation gives the relationship of R and @ to p .

9_ Problem:

Determine the radius of curvature,

p, in the helix wire at point C on

the helix. Point C is where plane

A is tangent to the helix

Analysis:

y x 2 2

CO-'_'_"= a

The projection of the cylinder on

plane A results in the ellipse shown

here. The radius of curvature in

general terms is given by

p ..

(1 + y12) 3/2

11
Y
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For the ellipse of the above sketch,

Y = _ b - x

- X

and

II

y = _

The radius of curvature is then equal to

p "-

2
x

- 3/z
a2 _ x2) '

Evaluating the radius of curvature at point C for x

2
a R

b
cos 8

(3) Elastic Characteristics of a Helical Spring

_T_+=. l_%_*_h_r_c] rule for moments

K = radius of helix

R = radius of helix for unstressed state
0

L = length of helix

L = length of helix for unstressed state
O

= total length of wire in helix

e = helix angle

e = helix angle in unstressed state
O

0 give s

(lZT)
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JIf X LB

! b

X 2 IN. LB

NOTE::

R.H. RULE FOR MOMENTS

Figure 78 - Elastic Characteristics of

Helical Spring

-222-

= helix rotation about of cylin-
der

_o = helix rotation, unstressed state

T = internal torque in helix wire

M = internal bending moment in
helix wire

X 1 = external load applied along he-
lix

X 2 = external torque applied along
helix

I = moment of inertia of wire cross
section

J = torsional stiffness factor

E = Young's modulus

G = shear modulus

In the following analysis of the elastic

characteristics of helical springs

(see Figure 78) the following assump-

tions are made:

1. The helix is constructed from a

wire having a constant symmetri-

cal cross section with a bending

stiffness, EI, and a torsional stiff-

ness, JG.

Z. Deflections caused by axial and

shear energies are negligible.

3. The external loads, X 1 and X 2,

are applied and reacted by infi-

nitely rigid brackets.
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From Equations 121, 122, 126, and 127, the relationships be-

tween the internal force system in the wire and the geometry of

the helix spring can be found be substituting Equations 126 and

127 into Equations 121 and 122. The result is

M = El - 70 (128)

and

T = JG( sinSRc°s 6)) - ao (129)

Application of the external loads X 1 and X 2 will cause the stress

state in the spring to go from its initial unstressed state to some

other equilibrium stress state. Equations 128 and 129 can then

be written

cos 6) cos2 OoIM : ,
_'o

(130)

and

s nOcO Oo)o . (131)
R R °

Statics give the following relationships:

_ T cos 6) M sin 6)
Xl R R (132)

and

X 2 = T sin 6)+ M cos 6) . (133)

Solving Equations 132 and 133 for T and M gives

M = X 2 cos 6) - XIR sin 6) , (134)

and

T = X 2 cos 8 + XlR cos 8 . (135)
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Substituting Equations 134 and 135 into Equations 130 and 131 and

solving for X 1 and X Z give the following equations:

( o> icX1 = GJ cos @ sin @ cos {9 . sin 8° cos @ EI sin @ os 2 8 cos 8
R R R ° R R R °

and

X 2 = GJ sin 8 Isin @ cos @ sin 8o cos 8o>
- + EI cos @

R R °

X 1

(136)

iso 6) cos @

R o

(137)

X 1 and X 2 can also be written in terms of L and _ with the aid of

the following geometric relationships:

L
sin@ = --

2 '

2
Z L

cos O = i = --
f

and

fcos @

R-- _ •

Substituting the above relationships into Equations 135 and 136 gives

z _
GJ

_ @_- ¢o_o)¢-_=-- _ L _- -

and

(138)
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GJ

(139)

Since both X 1 and X 2 are functions of the same two independent

variables, L and ¢, the total differentials of X 1 and X 2 are

_X 1 _X 1
dX 1 = --dE +--d_ , (140)

_L 3_

and

x z _ x z
dxz - dL + -- d_. (141)

8L _¢

lne s_l_ness coef_,_**_s are defined as

_X 1

Kll - _L" '

_X 1

_'IZ - _ ,

s_
= K21

8x z

(2''

and

8x 2

K22 -

Performing the partial differentiation obtains the following equa-

tions for the stiffness coefficients:

-225-



SECTION III
Subsection Three - Stabilization and Orientation Systems GER- 1 1502

I 1o; _2 _ E___i2 z z
KII = _ _3 " _o " +

KI2 = K21

and

K22 = 2 _21 +'T_ -

When converted to functions of 1% and 8, Equations 142,

144 ar e given by

C,,T 2_ EI 2 ^ 1% cos 80

-_ -_ _ /I%11 - cos u o_ u Ro cos 6)

KI2 = K21 = -T

sin @ cos @

i%

sin 8o cos 8oh

1%o 7

sin @ cos @

I%

sin @ cos @
O

m

R
O

cos Col
cos e/]

and

GJ Z E1 Z

KZ2 = -_- sin 8 +-_-cos 8

(142)

'] ,

(143)

(144)

143, and

I1 A _%

(146)

(147)
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(4) Evaluation of Helical-Spring Stiffness Characteristics for the Un-
stressed Condition; L = 0, 0 = 0

0 0

The helical-spring characteristics of the most interest are those

at an equilibrium length, L e. This deflection of the spring results

from the gravity-gradient attraction on the damper mass. There-

fore, with 0 = 0, sin @ = 0, and cos e = 1, Equations 146 and
O O O

147 reduce to the following equations, where the subscript "e" de-

notes the extended equilibrium position:

sin°cos 0 e (sin 0 cos Oe) - E1 e e 1
X 1 = G5 _ e R e 1%o2

e

(148)

and

sin e

X 2 = GJ _e (sin Oe cos ee) + EI cos Oe
e

(149)

X 2 = 0 for the gravity-gradient equilibrium condition. Solving

Equation 149 with X 2 = 0 gives

R
O

m _-
1%

e

EI

GJ sin2 0 + El cos 2 0
e e

(150)

Substituting Equation 150 into Equations 145, 146, and 147 with

sin e ° = 0 and cos 0 ° = 1 gives the following equations for the

spring stiffness coefficients at the gravity-gradient equilibrium

length:
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(5)

K11 \_L
e

GJ(c°s2 0e e+ tan 2 0e) + EI sin 2 0

2 )2_R o2 GJsin 2 0e + cos Oe

G3

f:_a 2
o

(151)

KI2 = K21 \ a,_J e = \ _L/e

GJI_- EIL =2 sinOe c°s Oe2 :I+_ tan_9__:: : +cos 0 o-,
o \El sin 0e

0
e

GE 2 + EI 2
=-_-sin Oe T cos 0 e

G: (:53)
= f2_-"

A plot of the spring stiffness coefficients is shown in Figure 79.

Helical-Spring Parameters for Unstressed Helix Angle 0 =
0 Deg o

Equations 138 and 139 can be factored into the form shown below,

if _ = GJ/EI = 0.77 for round steel wire.
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::_i!1:i

r+-,,_',*

;?_flHt

.... o+,

Figure 79 - Helical-Spring Stiffness Coefficients

-229-



SECTION III "

Subsection Three - Stabilization and Orientation Systems GER- i 1502

2

) tin-o) (154)

(6)

and

(155)

Equations 154 and 155 can also be written as

X 1 = GJ a 1 (156)

and

X 2 = GJ a z (157)

a I and a 2 are defined by Equations 154 and 155. The graphical

presentation of X I, X Z, a I, and a 2 is shown in Figure 80.

Stress Parameter Relationships for Helical Springs Made from

Round Wire with Unstressed Helix Angle 0° = 0

The torsional shear stress, fs' in the wire is given as

Td
= -- (158)fs 4I

The bending stress, fb' in the wire is given as

Md

fb = -_- (159)

Equations 130 and 131 yield equations for T and M as follows:
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Figure 80 - Helical-Spring Parameters for Unstressed Helical Angle 8o= O Deg
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and

(160)

sin @ cos 0
T = 21G R (161)

Substituting Equations 160 and 161 into Equations 158 and 159

dG
f = sin 0 cos 0 (162)s _

-yields

- 2 Ro/ "

and

Equations 16Zand 163 in terms of _ and L are as follows:

and

(163)

dGL._____

fs = 2_Z (i64)

-232-

When written in nondimensional form, Equations 164 and 165 are

fdG = = _7 , (166)

and

1

dE : 1- - : h (167)



SECTION III

Subsection Three - Stabilization and Orientation Systems GER- 1150?-

do

The stress parameters given in Equations 166 and 167 are shown

graphically in Figure 80.

Optimum Tuning and Energy Dissipation of P,ice-Wilberforce Damper

Optimization criteria that determine best values for the damper pa-

rameters were developed under assumed limits of total damper

weight, maximum outside dimensions, and other constraints imposed

by payload capability. Optimization is achieved by setting the nat-

ural frequencies of the two modes of damper articulation to lie at

certain discrete frequencies that will be excited by satellite libra-

tions. The spring constants, masses, and inertias of the damper

are selected to give the discrete frequencies at which maximum rates

of energy dissipation will occur. The rate of energy dissipation in

each of the two modes is adjusted for a compromise between high

maximum rates of dissipation over a narrow band of frequencies and

low maximum rates over a broad band of frequencies. The lossy ele-

rnents of the damper, including the mechanical hysteresis Of the

plunging mode of the spring and the viscosity of the fluid in the tor-

sional mode, are the parameters selected to give this compromise.

The analysis indicates how the usual low rate limitation of viscous

dampers in gravity-gradient systems is overcome by the high articu-

lation gain ot_ the K1ce Wiiberforce d,_11p_, -,_,_,_-'-:-_-....._,_.._.v...___.... *_o....

low angular rates of satellite libration into relatively high rates of

motion of the damping elements.

A schematic diagram and definition of symbols used for analysis of

the Rice-Wilberforce damper are shown in Figure 81. For an analy-

sis of optimum tuning and energy dissipation, it is convenient to work

with rates of displacement as the basic variables, since the dissipa-

tive elements of the damper are treated as rate sensitive. The damper,

when in orbital deployment (but neglecting spring libration angles), is

described mathematically by the following differential equations of

motion:
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K2 = EQUIVALENT HYSTERESIS

VISCOUS COEFFiCiENT

I
s

D

t
.--.__ _c:)

K:)

WO

K
6

 /;H  HHH ,  HNHH NHr//A
-- VISCOUS COEFFICIENT _lk D

l
r

e

r-r
e

= X

D ; DRIVING FORCE APPLIED TO DAMPER BY SATELLITE

K 2 = EQUIVALENT HYSTERESIS VISCOUS COEFFICIENT iN PLUNGING

m = TOTAL MASS OF DAMPER

M = MASS OF SATELLITE TO WHICH DAMPER IS ATTACHED

I = INERTIA OF INNER MASS
m

1 = INERTIA OF SHELL
s

K 1 = PLUNGING SPRING COEFFICIENT

K 3 = TORSIONAL SPRING COEFFICIENT

K 4 = CROSS COUPLING SPRING COEFFICIENT

K 6 = VISCOUS TORQUE COEFFICIENT
f

1_ 2 = ROTATION OF TiP MASS

l_/3 = SLIPPAGE ANGLE iN VISCOUS DAMPER

_4 ; ROTATION OF INNER MASS = _2 +1/_3

mMm
m -

M+m

Figure 81 - Schematic Diagram and Definition of Symbols for Damper Analysis
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[ .1 _+-- +0_4 = D (168)_--P+ KZ +_ i - p '

and

K 4 .
mE+

P IIsp+ K6 + _I _Z - K6< = 0 , (169)

0_ - K 6_/Z + (ImP + K6)_4 = 0 (170}

Note that the derivative of a variable is symbolized by either the

Heaviside operator, p, preceding the variable or by a dot above the

variable. In addition to other constraints, all which are developed

spring parameters in the equations are constrained as fol-later,

lows:

2 •

3Mm¢0 2
o = 3row ; (i71)

KI> M+m o

that is, the negative spring constant contributed by gravity-gradient

and centrifugal force must not be permitted to overpower the real

positive spring constant, K I, of the plunging mode of the spring.

Also,

K4 o.34{E IK3 ; (172)

that is, the physical characteristics of the spring such as modulus

of elasticity, helix angle, and other factors, constrain the maximum

cross-coupling that may be obtained. A mechanical impedance dia-

gram for the equations of motion is shown in Figure 82. Figure 83

is an alternate representation that has been obtained by the applica-

tion of Thevinin's network theorem to the mechanical impedance dia-

gram of Figure 8Z at points a and b. Thevinin's network theorem

permits the replacement of any portion of a network, no matter how

complicated that portion may be, by a single source of driving force
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Figure 82 - Mechanical Impedance Diagram of Rice-Wilberforce Damper

-236 -



SECTION III

Subsection Three - Stabilization and Orientation Systems GER.- 11502

O

II

31

X

7o

+

I

Z

-I

0

N

H

I

, 31

÷ -t-

31 I
7o

I.._ _ .

"0

..t-

I

Figure 83 - Alternate Mechanical Impedance Diagram
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and a series source impedance. The driving force is that seen when

looking into the portion to be simplified, when it has been separated

from the rest of the network. The source impedance is that seen

when looking into the same portion when all the driving forces are

replaced by short circuits.

Figure 84 is a final version of the mechanical impedance diagram

obtained under the assumption

K6
i >>m. (173)
m p

Certain observations can be made by inspection of the various im-

pedance diagrams. Figure 83 shows that the spring coupling coeffi-

cient, K 4, between the plunging and torsional modes of the spring

should be maximum if maximum excitation of the tot sional mode is

to be achieved. Rememl_er that D represents the driving force or

d" ....._';"_ applied the damper by librations of the satellite._'_'" '-'_"_5 force _o _ .

D' is the portion of the driving force that couples directly into _2"

This coupled force is obviously maximum when K 4 is maximum, as

Shown by the expression for D':

K4D
_" - (174)_" - w z Z

- +K 1 + mp 3_09 ° Kzp

The intuitive insight that K 4 should be as large as practical is thus

confirmed analytically, giving

/-,--

K 4 = 0.34_/K1K 3 (175)
opt

V -

The development of the optimum tuning requirement by application

of impedance matching principles to the circuit of Figure 84 will now

be continued. As previously stated, optimum tuning can be viewed

as an impedance matching problem in which the source impedance is
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Figure 84 - Final Equivalent Mechanical Impedance Diagram for
Torsional Mode
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set equal to the conjugate at the load impedance. Note, however,

that the load impedance K 6 is a pure real numeric and the source

impedance is essentially a pure imaginary if the rather light dissi-

pative term for the equivalent viscous effect of hysteresis is ignored.

Therefore, the tuning criterion is obtained simply by equating the

source impedance to zero and solving for the resulting values of

spring constants and inertias. Thus, the tuning criterion is:

K4 P + K2 +p I " o

2 Z +. IsP +
mp + K 2 + K I - 3m00 o

K 3 - K 4

After considerable manipulation, and neglecting K 2,

comes

P
= 0. (176)

Equation 176 be-

K 3 + Ispz K 1 + mp 2 3_Wo 2 =

which is a somewhat more convenient statement of the optimum tun-

ing equation of the damper.

Equation 177 is of fourth order in the variable p with odd-order pow-

ers of pmissing. Thus there are two pairs of complex conjugate

_-..._ .._,,_,_, ,-_ t_ two natural frequencies in the response of the

damper. These natural frequencies are, of course, related to the

isolated plunging and torsional modes of the damper, depending on

the magnitude of the cross-coupling coefficient K 4. If the cross-

coupling term K 4 is set equal to zero, the two isolated or uncouple_t

natural frequencies of the damper can be seen:

OOntor sion =
(178)

and
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_K I 2

- 3_w °
0) = n

nplunging m
(179)

It is convenient to analyze the coupled natural frequencies that are

the solution to Equation 177 in terms of the uncoupled natural fre-

quencies. This has been done analytically, and the results are

shown in Figures 85 and 86. Figure 85 is for. the case of a spring

helix angle of 30 deg, where the cross-coupling i_ given by

K 4 = 0.34_IK 3 ,

and Figure 86 is for the case of a helix angle of 17.5 deg, where the

cross-coupling is given by

K 4 = 0. 20 _IK3

It may be shown that when large values of fluid damping coefficient

K 6 are employed, and for which the assumption of Equation 173 does

not hold, the optimum tuning Equation 177 must be modified to in-

clude the reflected inertia of the inner member of the damper. The

' for Imodification takes the form of substituting a new value, I s , s

into these equations. The new value is

I '_- I + K6Zlm (180)

s s K6Z - PZIm2

Use of the optimum-tuning Equation 177 requires specifying the dis-

crete frequencies at which the Rice-Wilberforce damper is to ac-

cept the librational energy of the satellite and dissipate that energy

in the damping fluid and the hysteresis loss coating of the helical

spring. Specifying the frequencies requires examination of the lib-

rational frequencies of the satellite and the manner in which the lib-

rational motion excites the iAice-Wilberforce spring. Basically,

the spring is attached to the satellite by means of a long gravity
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gradient boom, so there will be tension forces in the spring due to

centrifugal and gravity-gradient forces that excite the plunging and

torsional modes of the damper. First, consider the centrifugal

forces in the spring due to the orbital-plane or pitch-axis motion of

the satellite. In the presence of pitch-axis librations, the total

angular rate of concern is orbital rate _0° plus pitch libration rate _.

The resultant centrifugal force producing tension in the plunging mode

of the spring is proportional to

(00o+ : ('°z + 2COo+ (181)

Consideration of Equation 181 shows that tension forces in the spring

due to centrifugal effects of pitch-axis motion are periodic at both

the fundamental and Second harmonic of the satellite natural fre-

quency in pitch plus a zero frequency or steady component. Cen-

trifugal forces due to roll-axis or traverse-plane librations can be

shown to contain a zero-frequency term plus a second harmonic of

the roll-axis natural frequency. However, there is no component

of tension in the spring due to roll librations that are periodic at the

satellite-roll natural frequency. Thus there is a significant differ-

ence in the frequency composition of tension forces in the spring be-

tween these due to centrifugal forces of pitch librations and those due

to centrifugal forces of roll-axis librations; i.e., the pitch librations

cause both fundamental and second harmonic terms that excite the

spring, whereas the roll librations generate only second harmonic

terms in the spring tension.

The discussion of the frequency composition of forces that excite the

Rice-Wilberforce spring has emphasized so far those forces origi-

nating by centrifugal action. However, equally important are the

forces in the spring which arise from differential gravity. It can be

shown that the spring tension forces due to gravity gradient are peri-

odic at twice the satellite natural libration frequencies. Recall that

tension in a rod connecting the two masses of a dumbbell satellite is
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Helix Angle = 30 Deg
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b
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Figure 86 - Determination of Rice-Wilberforce Damper Parameters -
HelixAngle = 17.5 Deg
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periodic at twice the libration frequency of the dumbbell. Thus there

is excitation of the Rice-Wilberforce spring at the second harmonic

of the satellite libration frequencies because of both centrifugal and

differential gravity forces acting along the plunging axis of the spring.

In summary, pitch-axis librations excite the spring tension at both

the fundamental and second harmonic of the pitch axis, whereas, in

the case of roll, tension forces in the spring are periodic at only the

second harmonic of the roll-libration natural frequency. The damper,

of course, can dissipate no energy associated with any steady or zero-

frequency forces.

Therefore, the damper tuning frequencies chosen must be constrained

somewhat as follows. For damping of the roll-axis librations, either

the plunging or torsional mode can be tuned to the second harmonic

of the roll-axis natural frequency. There is somewhat more free-

dom in suppressing pitch-axis librations, with the choice of tuning

either the plunging or torsion mode to either the fundamental or sec-

ond harmonic of the pitch natural frequency. If certain practical as-

pects are considered, such a minimizing spring length and maximum

spring stiffness, then the plunging mode should be tuned to the sec-

ond harmonic of the satellite roll-axis frequency and the wind-up

mode of the damper should be tuned to the pitch-axis natural fre-

quency of satellite libration. Alternative choices can also be made.

Another practical consideration could be that of reversing the gyro-

scopic precession torques of the damper as frequently as possible.

This consideration leads to tuning the plunging mode to the second

harmonic of the pitch-axis librations and the torsional mode to the

second harmonic of the roll-axis librations. The latter tuning is not

• possible for large cross-coupling coefficients of the Rice-Wilber-

force spring, where the helix angle is in the region of 25 deg or more.

However, if a low helix angle in the region of 15 to 20 deg is used in

the spring, such tuning is possible. Figures 85 and 86 give insight
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into this constraint on the physically realizable tuning frequencies.

In general, if spring cross-coupling is increased by employment of

a larger helix angle of the spring, then the two mode frequencies are

constrained to be farZher apart.

The influence of the fluid viscosity and the hysteresis loss of the cad-

miurn-coated spring is as follows, it can be shown that the energy

dissipation rate or power loss in the damper fluid is

where

K 6

W F = K6(_" 2 - _4) z , (18Z)

= fluid drag torque coefficient, and

= slip rate in the damper.

Similarly,

mium coating of the spring is

the energy dissipation rate in the hysteresis of the cad-

W H = KZ _z , (183)

K. = the equivalent viscous coefficient of the

"_ cadmium coating, and

where

= rate of spring deflection in plunging.

The expression for K z used for analysis is

bK 1
KZ = Z0_-'-'_' (I84)

where

b = fractional energy loss per cycle of plung-

ing of the spring,

K 1 = plunging spring constant, and

o) = plunging frequency.
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Note that Equation 184 is valid at one frequency only, but, where the

plunging mode is ex:cited dominantly at a single discrete frequency,

this expression holds relatively well.

Equations 182 and 183 are very complicated if the very complex ex-

pressions required to solve for (_ - %) and X are considered. No
direct analytical calculation of mower loss of the damper was there-

fore made. However, analog computer runs, including the damper

dynamics for determining (_Z - %) andX, were made, and power
dissipation was studied as a function of frequency for a fixed value

of K2 and various values of K6. These curves are presented in Fig-

ure 87. Note that K 2 and K 6 determine the band width of dissipation

capability but also higher maximum peak values of steady-state dis-

sipation. Conversely, larger values of K 6 increase band width of

dissipation capability at the expense of reducing the maximum rate

of dissipation.

Thus the parameters K 2 and Kt are very important and must be prop-o

erly related to the tuning tolerances. Too low a band width makes

the damper susceptible to failure due to a slight damper mistuning.

Conversely, too broad a band width reduces the damping capability

of the system. At the present time, the optimum trade-off of these

two factors is believed to be i__th_ _gion of values of Kt and K_,
U L._

giving approximately O. 1 of critical damping in their respective

modes.

The influence of payload weight and space limitations on damper op-

timization is as follows. For an operational satellite with, for ex-

ample, a 1000-1b payload limit, it is reasonable to allow 10 percent

for gravity-gradient damping purposes, which gives a total mass of

the damper of 100 lb. The parameter M/(M + m) thus becomes 0.9.

Assuming further that the maximum outside diameter of the payload

container can accommodate a damper no larger than that of a disk

with a radius of 18 in., for an orbital altitude of Z000 naut mi and

-Z49-
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eo

an orbital rate of w ° = 6.2 × 10 .4 rad per second, the total tip

mass inertia becomes 50 Ib-in.-sec squared. Also, in attempting

to make I m as large as possible and yet holding the total tip mass

inertia to no more than 50 1b-in. -sec squared, the best design could

achieve a shell inertia of no less than 6.25-1b-in. -sec squared and

an inner element inertia no greater than I
m

squared.

Transient Response Studies

(I) General

= 43. 75 lb-in. -sec

Transient response studies were made to determine the damp-

ing capability of the Rice-Wilberforce damper in supressing

librations of the satellite due to initial condition errors at the

time of satellite deployment. The dynamic equations employed

were those presented in Item 2, b. Various satellite configu-

rations and Rice-Wilberforce damper tuning conditions were in-

vestigated. The equations of motion were simulated at the GAC

analog computer facility, Akron, Ohio, and digitally at Philco-

WDL, Palo Alto, Calif. The equations used in both simulations

were derived using LaGrange's method. However, two basic

differences should be noted:

,1 ._1 -L- __
I. 'i'he cizgztai simulation solved L,_ Lu,..l_ o_t

of equations consisting of eight degrees of free-

dom. Higher-order terms were neglected, and

linearizing assumptions were made with re-

spect to the trigonometric functions of some of

the angular displacements to reduce the com-

plexity of the simulation.

Z. The analog simulation was simplified to five

degrees of freedom in each case studied,

namely, pitch and roll. This assumes each

axis is decoupled from the others, which

-?-51 -
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(z)

appears quite satisfactory for pitch but is

questionable for roll, particularly with re-

spect to yaw coupling. The analog simulation

maintained the trigonometric functions and

the higher-order terms for the less-complex

five-degree-of-freedom equations. Follow-

on studies are planned to simulate all eight

degrees of freedom on the analog computer.

In general, results of the two different simulations corroborated

one another. The digital simulation made at Philco, however,

was performed before the optimum tuning criteria of Item 2, c

were developed and thus the digital simulation has no great sig-

nificance so far as optimum tuning of the Rice-Wilberforce damp-

er is concerned. Conversely, the analog simulation has investi-

gated the transient performance under the conditions of optimum

tuning of the damper; therefore, the analog simulation results

are presented first.

Analog-Computer Simulation of Transient Response

Analog computer runs were made of the settling out of various

initial-condition errors of the lenticular satellite for different

ing equations for pitch, roll, and spring-mass-damper degrees

of freedom were simulated on analog computers:

Spr ing-Mas s -Damper

AI + Im + K 6 = 0 , (185)

+ --o.

_" + KZ_ + (K 1 - 3_oZ)r + K4_ 2 - )ma_oZL + C = 0 (187)
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where C = 3_¢0o2(L + re) - Klre"

Pitch Plane

Iml_ 3 + Iml/J"2 + K6_r 3 : O, (188)

_F + K2_ + (K 1 - 3_OaoZCZ_2 - 2_00o_ 2 - _zZ)r +

3mo0oZLC_lC_ 2+ C = 0 , (190)

_$__+_ _-¢_I+_I_,o+$_+_._,+$,_sc_-_,_+

3O)o2(LC@I + rC_z)S@2 = 0 , (191)

(mL2+ In)_" 1 + 3COo2(I_ - I¢)C#lS41 + 3moaoZL(LC@l + rC#z)S@l +

2mOaoLi'C((_2 "_i) + mL(2_2 + r$2)C(#2 -_i ) +

mL(F - 2w^r_ - r_92)S(@9 - 4,) = L_, (192)

Roll Plane

ImP3 + ImP2 + K6_/3 = 0 ,

_2_.-_+ _+ _+ _r-_o_:0 ,

_i _ + K2r + (K l - 4_0jo2C282 + _O_o 2 - _822)r + K4_r2 -

_L61ZC(ez - eI) + _L_JlSie 2 - ell +

_*O.loZL(-3CSICSz + $81S8z) + C = 0 ,

(193)

( 194)

(195)
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r_z + L_IC(0z - OI)+ Z_6z + L61ZS(0z- 0I)+

00oZ(3LC01 + 4rCez)S0 z + 0JoZLCszS01 = 0

(_Lz +I4)_I +4_oZ(I_ - i_)celse 1 + _o z

(4LC81 + 3rCSz)S81 + _L(Z_6 Z + r02)C(8 z

_L(_ - rSzZ)S(Sz - 81) + _09oZLrCSISSz =

L×

- eI) +

(1 96)

Le 1 . (197)

Initially, servo resolvers were used to develop the desired trigo-

nometric functions, but they caused the simulation to be unstable.

This effect has been noted in other simulations of lightly damped

systems. The functions were then developed using electronic

multipliers and representing the sine and cosine by the first two

terms in their respective series approximations. The resulting

_z,--nu,c_1on was stable without noticeable loss in accuracy.

Table XIX shows the varying conditions used in studying the tran-

sient response for the analog-computer runs in Figures 88 through

99 for Cases I through VII-B. Figure 100 is the relative power

dissipation curve for Case IV.

Cases I and II both confirm the damping capability of the damper

in suppressing pitch librations when the spring plunging and tor-

sion modes are near the fundamental pitch natural frequency. No

roll damping, however, is provided for in this tuning condition.

Case Ill is a somewhat more optimum tuning condition, where

some use is made of the torsional mode but not maximum advan-

tage of the tuning possibilities. Cases IV-A and IV-B show the

damping capability of the Rice-Wilberforce damper when the

plunging'rhode of the spring mass combination has been tuned to

twice the fundamental natural response frequency of the satellite

P
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8igure 88 - Analog-Computer Run - Case I
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Figure 89 - Analog-Computer Run - Case IT
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Figure 90 - Analog-Computer Run - Case III-A
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Figure 91 - Analog-Computer Run - Case III-B
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Figure 93 - Analog-Computer Run - Case IV-B
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Figure 94 - Analog-Computer Run - Case V-A
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Figure 96 - Analog-Computer Run - Case VI-A
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-265-



SECTION III"

Subsection Three - Stabilization and Orientation Systems

\

GER-1150Z

(3)

roll axis, and the torsional mode of the spring and rotational

inertia of the damper have been tuned to the fundamental fre-

quency of the satellite pitch axis. Cases V-A and V-B are for

an alternate tuning condition in which the plunging and torsional

modes are tuned to twice the natural frequency of the pitch and

roll axes, respectively. These cases correspond to a relatively

stiff short spring and have the advantage of having the gyroscopic

precession of the damper disk go through approximately four full

cycles per orbit, thereby reducing the tendency of the damper to

precess out of the horizontal plane. CasesVI-A and VI-B show

the capability of the purely lossy spring and tip mass damper

when the plunging mode is essentially resonant to the pitch-libra-

tion frequency but with no use made of the torsional mode, thus

not being able to achieve a damping capability in the roll axis.

Cases VII-A and VII-B show the benefit made possible by utiliz-

ing the torsional mode of the lossy spring-tip mass damper as

well as the plunging mode. lne torsional x_ode ha_ been ..... d

to the pitch frequency and the plunging mode has been tuned to

twice the roll frequency of the satellite. Note that, in all the

cases shown here, hysteresis loss in the spring was simulated

in the plunging mode to complement the fluid damper in the tor-

sional mode. If this hysteresis loss were not presen6, Li_ _,_Lel-

lite oscillation associated with the plunging-mode tuned frequency

would exhibit poorer damping.

Digital-Computer Simulation of Transient Response

The full eight-degree-of-freedom equations of Item 2, b were

simulated on the TRANSAC 2000. digital computer at Philco-WDL,

Palo Alto, Calif. Twelve different cases were run with varying

initial errors in pitch and roll attitudes, varying satellite mo-

ments of inertia corresponding to different types of satellite wire

film material, and varying tuning arrangements of the Rice-

Wilberforce gravity-gradient damper. These runs were made
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before the optimum tuning theory of Item 2, d was- available and

hence do not show optimum performance. In fact, many of the

runs are for cases where the Rice-Wilberforce damper is badly

mistuned. Nevertheless, the runs do verify the feasibility of the

damper with respect to damping pitch librations. They show that

roll librations can also be damped by using hysteresis losses in

the spring to dissipate energy rather than using body axis cross-

coupling to direct energy into the pitch plane.

Additional runs will be made at Philco, using the optimum tuning

theory of Item 2, e.

The data and curves generated at Philco are much too prolific to

publish in this report, but are presented in a separate report,

Reference 13. However, a summary of the most significant in-

formation obtained from the digital simulation is presented here

in Table XX.

Steady-State Response Studies

(1) General

A knowledge of the steady-state response of the GAC lenticular

satellite to solar pressure torque and orbital eccentricity is nec-

essary to cletermine th_ nla_,_,,-,_k-:'--_-_._t,_..__1_'_=*_nn...... nngles from '

the vertical and also to determine whether there is some critical

combination of initial conditions and steady-state disturbance

torques. The derived solar torque equations show that the solar

torque forcing frequencies are at one and two times orbital fre-

quency, while the eccentricity effect appears at approximately

orbital frequency. The critical nature of this problem is brought

about because of the closeness of the satellite-libration natural

frequencies to these forcing frequencies.

The effects of eccentricity on pitch attitude dynamics were studied

with the GAC analog simulation referred to in Item Z, e, (Z). The
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:SPONSE - EIGHT DEGREES OF FREEDOM

_per configuration

Coupled

ng mode frequency

, , (multiple CO )
_is. o

h)

sis

sis

Plunging I Torsion

2. 717 ,1. 68

2. 76 1. 735

2.717 1.68

2.717 1.68

276 1.735

2.7i7 i.68

2.717 1.68

2.717 1.68

2.717 1.68

2.717 1.68

3.47 6.43

3.47 6.43

Initial

attitude

error

(deg)

Pitch

25

25

25

25

0

0

0 ¸

I

Roll

0

O.

0

25

25

Z5

25

25

0

25

25 0

0 25

Settling
time

constant

(orbits)

Pitch i Roll

2.7 . . .

4.0 .

2.3 . .

. . . -25

• . . -25

• . . -35

-2.7

. . . -40

6.5 ....

. . . 75

Notes/conclusions

Confirmation of good pitch
transient response for all

types of damping. Fluid

damping better than hys-

teresis. Best response

obtained when both types
of damping were used si-

multaneously

Roll response poor with

fluid damping: effective
only in torsional mode.

Roll response much bet-

ter with hysteresis damp-
ing used in both torsion

and plunging modes of
damper

Response comparable to

photolyzable response

Effects of increased

asymmetry inconclusive

Asymmetric satellite ap-

pears to have better damp-
ing in roll than symmetric

satellite. Body-axis cross-
coupling can enhance the

roll damping

Roll response unacceptable,
Pitch response poor. Tor-

sional mode mistuned.

Plunging mode tuned cor-

rectly, but no hysteresis

damping used to remove

energy

s simulated with 25-percent power loss per cycle effective at the coupled-mode
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TABLE XX - DIGITAL SIMULATION OF LENS AT TRANSIENT Rl_

Satellite configuration Dan

Run

No Purpose of run

101 Comparison of pitch
transient response for

102
various damping con-

103 figurations with 4-

percent satellite asym-

metry

104

105

106

107

108

Comparison of roll

transient response

for fl,Lid and hys-

teresis damping with

4-percent asymmetry

A.Vtt LLeLlt_t_*l_ tt--

sponse for unphoto-

lvzable satellite lens

with 4-percent asym-

metry

Compare roll transient

response for photolyz-
able satellite lenses

with increased asym-

metry (-8 percent)

109 Pitch and roll transient

110 response with fluid
damping and sym-
metrical satellite

l 11 Compare pitch and roll

112 response with one mode
of damper tuned be-
tween second bar-

monics of pitch and '
roll

Lens

:_aterial

Photolyzable

Photolyzable

Photolyzable

Photolyzable

Photolyzable

,Unphotolyzable

Ipitch

915.739

915,739

915,739

915. 739

915. 739

I _a& g.n 6• v-xv, u 7

Photolyzable 943, 789

Unphotolyzable I, 067, 220

897,872

897,872

879, 815

879,815

Satel

(s

Photolyzable

i Photolyzable

' Photolyzable

Photolyzable

lite irbe r tia s
lug -ft ")

Iroll

879, 815

879,815

879, 815

879, 815

879,815

I _vS,. u_v

861,959

985, 126

897,872

897,872

915,739

915,739

Hysteresis damping was used for torsional and plunging spring motion.
frequency.

I
yaw

122, 09 1

122, 091

122, 09 1

122,091

122, 091

_ww _gn

122,091

377,529

122,091

122,091

122,091

122,091

Inertia

ratios

Ipitch Ipitch

roll yaw

1.0408 7.5005

1.0408 7.5005

1.0408 7.5005

1.0408 7.5005

1.0408 7.5005

I _° 2. "'_

1.0949 7.730

1.083 2.827

1.00 7.354

1.00 7.354

0.9608 7.206

0.9608 7.206

Type
dampi

(Fluid

hystere_
or bot

Fluid

Hystere

Both

Fluid

Hystere

Fluid

Fluid

Fluid

Fluid

Fluid

Fluid

Fluid

An equivalent viscous damping wa
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more complete equations-of-motion program at Philco [referred

to in Item 2, e, (3)] is being modified to include solar pressure

effects. However, as these torque equations have not been

checked out in the Philco program at this time, steady-state re-

sponse from eccentricity only are discussed in this report. The

checkout of the Philco program, including solar torques, will be

completed in the near future, and the response of the lenticular

satellite and various Rice-Wilberforce damper configurations to

solar torques will be obtained and published as a separate report.

The solar torque equations relative to a satellite-fixed coordinate

system, including an order-of-magnitude analysis of the solar

torques, and the orbital eccentricity and its effects on the steady-

state response are discussed in the following paragraphs.

(2) Moments Due to Solar Radiation Pressure

(a) General

The torque expressions presented here will be used in the

digital computer study concerned with the steady-state re-

sponse of the lenticular satellite. The method employed in

deriving these expressions is similar to that employed in

Reference 14.

The satellite configuration is subdivided into four subsys-

tems: lens, torus (nonphotolyzed), booms, and canisters.

The respective moments can be added to determine the com-

posite moment. Because of the complexity of the exact deri-

vations, simplifying assumptions are made. The order-of-

magnitude analysis led to the conclusion that all subconfigu-

ration moments are approximately the same order of mag-

nitude and therefore must be included in the study.

The satellite subconfigurations and nomenclature and the

derived subconfiguration moment expressions are presented

in the following paragraphs. Also presented are the basic

-275-
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-7-76-

(b)

(c)

t

solar-pressure force and moment equations necessary to

obtain the final moment equations and the earth-satellite

eclipsing logic. The general simplifying assumptions are

as follows:

1. All material is partially transmissive or

specu!ar reflective to incident light or is

a combination of both (for example, Mylar

and wire screen). This property will be

represented by the ratio of reflecting to

total surface area, _, as defined in Refer-

ence 14 and independent of angle of inci-

dence.

2. Shadow effects of _ne subsystem on another

are neglected.

3. Only direct radiation from the sun will be

_,_11_o or earth re-considered (i. e_._._., no .........

flection is included).

Satellite Subconfiguration Moment Expr e s sions

The coordinate systems utilized in the analysis of each satel-

lite =ubcenfig,_,r_fi_n along with nomenclature and solar torque

expressions are presented in Figures 101 through 104.

Basic Solar Radiation Force and Moment Equations

The basic equations utilized in obtaining the moment equa-

tions utilized in obtaining the moment equations for the satel-

lite subconfigurations are presented here. These equations

(from Reference 14), when integrated over a particular sub-

configuration (lens, torus, etc.) surface area, result in the

moment equations for each subconfiguration, which are pre-

sented in Figures 101 through 104.

The force on an element of area for a partially transmissive

and partially specuiariy reflective su,-,._.= ,o
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Z B

dA = RSlN p<:J_. ° Rdp

Y
B

YB

I
XBI' YBI' Z

MOMENT EXPRESSIONS

= pi
MX - 4--_ °3rt#2 SIN 2{)MA x SIN 2a COS /_

pi
• My = -_-_ o3#/Z2SIN 2PMA X SIN 2uSIN#

NOMENCLATURE FOR DERIVATION

pi = INCIDENT RADIATION POWER PER uNIT AREA

C = SPEED OF LIGHT

3 = VECTOR NORMAL TO SURFACEUNIT

= UNIT VECTOR TOWARD SUN

dA = INCREMENT OF AREA

= COORDINATE SYSTEM
B

R = RADIUS OF CURVATURE OF LENS

p = INCLUDED LENS ANGLE TO/_

-- t.= POSI I IuIN ur u_ _" ._.C_ ,'I" -"7
B

a = ANGULAR DISPLACEMENT OF _- FROM X-Y PLANE

,# = ANGULAR DISPLACEMENT OF _IN X-Y PLANE

a = R SIN -OMA X

MZ=0

NOTE:

THESE MOMENT EXPRESSIONS ARE CORRECT, EVEN INCLUDING SELF-SHADOW

EFFECTS, BECAUSE THERE ARE SYMMETRIC TOP AND BOTTOM LENSES.

Figure 101 - Lens Subconfiguration
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z
B

X B

dA = rtdp(R t + r t COS p) dA.

NOMEMCLATURE FOR DERIVATION

MOMENT EXPRESSIONS

R t = RADIUS OF TORUS ABOUT Z B

rt = RADIUS OF TORUS

p = ANGLE OF _ ABOUT TORUS £

M× rt=Rt.== -/_ 4C

4C t t

SIN 2a COS

SIN 2a SIN

NOTE:

ALL OTHER NOMENCLATURE HAS BEEN

PRESENTED.

MZ=0

NOTE:

TO OBTAIN A SIMPLER CLOSED-SOLUTION, AND BECAUSE IT IS CONSERVATIVE,

THE LIMITS OF p FOR INTEGRATION PURPOSES ARE 0-_p-_ 160 DEG.

-278-

.Figure 102 - Torus Subconfiguration
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z
B

x
B

][ -] , _o ..o3=,I
l-2) +B COS(/n SIN Yn COS (_n (SIN2 (_n + 2) - COS _'nSING (_n + C[COS(/n SIN yn 51N Un --CC'3 3"n --- nJ J

+2_1 +e[cos%cosTn cos(_ (S,NZ(S°+:'}+SINy° S,N_(_°]

._ SiN (/n SIN3 (_n I

:_+yn) B, =[COS(/n COSnCOS (t(_+)/n) +SIN(/n SIN (z] 2,.

/,°[oo_oo_o,,os,.'_n+s,.,ooo_'_oI

Figure 103 -Booms Subconfiguration
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NOMENCLATURE FOR DERIVATION

r b = RADIUS OF BOOMS

L = HEIGHT OF UPPER BOOMS

L = HEIGHT OF LOWER BOOMS
L

(7 = ANGLE OF INCLINATIONOF UPPER BOOMS
u

O'L= ANGLE OF LOWER BOOMS (NEGATIVE)

7n = POSIT iON OF BOOM n TO YB

D = ANGLE TO _ FROM

(_n = ANGLE FROM YB ° TO (_l FOR BOOM n

3

MX = _E_

n --- 1

3

My =

n = I

6

L) + _E_ MX O n . L )"MX (Xn' °'n' (Tn' L
n 13

n= 4

6

MX (Yn' °'n' L) + _ M x (7n, O'n, LL)
n n

n = 4

3 6

MZ = _E_ MX (Tn_ (Tn' L)+ _E_ MX (Tn_ Gn" L )
n n L

n = 1 n =4

WHERE

FynL FynL
M = --- +_

X 2 2
n in = 1. 2. 3 In = 4. 5. 6

a COS 7n

+ FZ 2
n

F. L F_ aSINY
Xn Zn " n

My - 2 2
n

Fxna COS (Tn Fyna SIN }In

MZ = - 2 + 2
n

p,.i. - /%-- coso rE)A[coS(Tn
t

{I4(2 -/zlPIL

Fy = -/_ 3C COS (7 rE) A COS G n
n n

4(2 -/I)P]L

FZn = -/]" 3C COS(7
n

- iJ -Sl N 7n COS (_ Cos 7n slN (_ (_,.v "-2n n n

COS 7n COS 3 (_n + SIN 7n Sl N (_n (COS2 (_n

r b [A SIN (Tn COS3 (_n + B SIN (Tn COS (_n (SIN2 (_n + 2) +

= TAN-l[n COS

C = COS a

COS a SIN (_ + _'n ) ]
a COS (j_ + 7n) COSO n + SIN aSlN o"°

, A = COS 2 (ZSIN 2

COSO" n COSaSlN 2(y n +l_) + 2 SIN aSlNO" SIN (_+7n) ltl
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Z B

 A: cd RcCOS d 
f

J

YB

_ _°M2_-_u._i;\_i;_'°_
_/ O = INCLUDED CANISTER ANGLE TO

MOMENT EXPRESSIONS

NOTE: ALL OTHER NOMENCLATURE HAS BEEN

PRESENTED.

__i

MX = {J'_C T/Rct'L SIN _ COS

My 2 pi= _'_/TRc2L SIN 2a SIN

MZ:0

NOTE:

TO OBTAIN A SIMPLER CLOSED-SOLUTION, AND BECAUSE L IS SHORTER THAN L,
L

THEREFORE TENDING TO COMPENSATE FOR THEGREATER EXPOSED AREA OF THE

LOWER CANISTER, THESE MOMENT EXPRESSIONS ARE ASSUMED TO APPLY FOR ALL

RANGES OF (Z.

Figure 104- Canister Subconfiguration
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d--Ftotal = d'Fouter surface + d--F.inner surfac e

2pLdA _. 2(I - p)PLdA ^)2- I
(I98)

Symbols used here and in subsequent equations are defined

in Figures 101 through 104 or in the general simplifying

assumptions.

The moments for various subconfigurations are

2 ZPLd A

1. dMlens = r × dFlens = -p C

A

(oR cos Pmax X _)

or

.f°max _
= _llZ 2P L 2Mlens ---_ ( •_) X

'10

^ 2
(-R cos Pmax XT))R sin 6)dAd@ (199)

-28Z-

Zo

where
^

= (-cos 0_ sin _1 cos d cos _1 sina)

A

77 = (sinp cos_% 1 sin p sin)k 1 cos p)

Z [ zpL d

%
dMcanister s C X

(_ = o) n = 1

^ ^ )2(_ ^ /!
--n "n" n • n J
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or

_ Zl0f ilMcans =

(_ = o)
n -

n

-p.2 ×

where

zPL A 2 A

C ( " T/n) XTJn ) X

RL 2 cos Adpd_k]

cos G, sin G)

/k

= (-sin_k 1 cos_kcos Pl cos _sinp)

(zoo)

For _ _ 0, the XB2 and YB components of

Mcans are_. easily obtained by, rotation through

8: The 2 factor in the case of the canisters

is equivalent to a reflectance coefficient.

[_-_ (_ Ln G c°s _/n_3. Mu .... = Fv -5-- + F7. ? or

....... L Z_____n= 1 \ "n - -n /

/F L n FZn 0t cos yn./] ^yn --_- + _ i +
n= 4

[_i IF hn FZn (_ sin _/n )X n 2" Z or
n _ .-

nZ_ IF L n FZ a sin yn)l ^• X n Z Z J+n
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[ (-Fx
n = 1 n

a cos Yn

2

.l
0t sin y_h] A

FY n 2 %)] k

(201)

,

where

7[

__ L n /_ 2(2 "g) PiFbooms - cos o n -}I rb X

i

A

(_n" _n )_n dp

and

^

_n = (-cos (_ sin _i

^ [ 8n)_ = -sin (p +

cos (_ cos fll sin a)

cos Yn + COS ({:) + 8n) X

_ cos ¢ sin Yn cos (p + _n ) cos Crn cos Yn +

sin (p + _n) sin Ynl cos ([3 + 8n) sin fin]

dMtoru s = -_
2(2 - l_)Pi dA ^

or

Mtoru s =

+y

"n''[c,inoos a cos (k+ _) +

tan-1 [ sina ] ;[cos a _'_ (,X.+ #) " _"

X
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(d)

^-- 2(2 - }_)Pl rt(5. _ X_)Mtorus = "_ C
X

(R t + rt cos 2) dp d_

where
/%

= (-cos q sin fll cos (_cos fll sin (_)

= (cos p sinA I cos 6)cosA 1 sin 6))

(z0z)

The total moment or body-axes components of the total mo-

ment can be obtained by adding these subconfiguration con-

tributions. These contributions in terms of body-axes co-

ordinates have been presented previously in Figures 101

through 104. Note that in the satellite equations of motion

presented in Item 2, b, the input torques (LOl, L_I, L_I )

are about rotational axes. Therefore, these body-axes

solar-pressure moments must be rotated back through the

angles _1' and _1 and e 1, respectively, to obtain L_I and

Le 1 '

Earth Shadow Eclipsing

The satellite will be in the earth's shadow whenever the sun
A

vector,_, lies inside the cone whose vertex is at the satel-

lite (considered as a point) and containing the earth tangen-

tially (see Figure 105). Analytically, this condition can be

embodied in an eclipsing function A(= 0 or 1) defined by:

if = • z < - - orbit radius

A=_

1 otherwise

-Z85-
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m

SATELLITE

I
I

/
ORBIT

Figure 105 - Eclipse Diagram

(e)

NOTE: The sine of the cone half-angle is precisely earth

radius/orbit radius. Also, since is a unit vector and Z

the unit vector along the outward pointing local vertical,

- • Z is the cosine of the angle between and the cone axis

(-Z). Hence (A) follows.

Thus, to include earth-shadowing effects, the total solar

torque M previous calculated must now be replaced by AM,

with A given above.

Order-of-Magnitude Analysis for Solar Pressure Moments

Order-of-magnitude analyses were conducted, which were

concerned with the solar pressure moments for both the full-

scale and test satellites. The contributions of the various

subconfiguration surfaces over the complete sun-vector

"angle-of-attack" range were compared. It was thought that

some of these complex expressions could be neglected in the
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steady-state response studies. However, as the data show,

the subsystem moments are all of the same order of mag-

nitude.

A breakdown of these subsystem moments about each of the

_, 77, _ (denoted by X, Y, Z) body axes are presented in Fig-

ures 106 through 109 for a complete range of _'s at _ = 0

deg. This particular _ results in the largest solar moments

encountered in this study, M = 0. 0013 ft-lb at (_ = -30 deg

and M = 0. 0000079 ft-lb at (_ = 0 for the basic full-scale

and test satellites, respectively. For (Ix -Iz) = 78 X 104

slug-ft 2, in the full-scale-satellite case, the pitch angle for

gravity-gradient equilibrium is 0. i0 deg. For (Ix - Iz) =

1310 slug-ft 3 in the test-satellite case, the equilibrium pitch

angle is 0. 15 deg. Except for near-resonant conditions at

low damping, these magnitudes of solar pressure torque

should not be deleterious.

Table XXl presents a summary of the solar pressure mo:-

ments and the gravity-equilibrium pitch for various photo-

lyzed and nonphotolyzed versions of the full-scale satellite.

The solar torque and equilibrium angle are also presented

for the basic test satellite. These moments and the result-

ing angles are all for the maximum moment condition, _ =

0 deg. Note that the maximum moment occurs at either _ =

-30 or -45 deg in the full-scale case and _ = 0 in the test-

satellite case. This occurs because the moment contribution

of the booms is greatest at _ = 0, and all other subconfigu-

ration moments are greatest at (_ = 45 (or -45) deg.

As a matter of interest and comparison, an eccentricity of

0.0Z (representative of Scout launch accuracy to 800-mi or-

bit) results in pitch oscillations of 0.9 deg for the full-scale

satellite and 0.98 deg for the test satellite. The eccentricity
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Figure 106 - Solar Torques on Full-Scale Satellite - Positive 0t's
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Figure 107 - Solar Torques on Full-Scale Satellite - Negative (2's
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Figure 109 - Solar Torques on Test Satellite - Negative 0t's
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TABLE XXI - SOLAR TORQUE AND GRAVITY EQUILIBRIUM ANGLE FOR

VARIOUS PHOTOLYZED VERSIONS OF THE LENTICULAR SATELLITE

No. Satellite configuration

Full-scale basic

Lens

Torus

Booms

Canisters

Full-scale torus -

photolized

Lens

Torus

Booms

Canisters

Full-scale booms -

photolized

Lens

Torus

Booms

Canisters

Full-scale - all

photolized

Lens

Torus

Booms

Canisters

Full-scale -

nonphotolized

Lens

Torus

Booms

Canisters

Test-satellite basic

Lens

Torus

Booms

Canisters

0. 048

0. I00

0. 124

O. 048

0

O. 124

O. 048

O. 100

O. 024

O. 048

0

6. OZ4

0. 148

0. I00

0. 124

O. 048

O. 100

O. 124

,/5-.7

(deg)

0!

(deg)

-3O

-15

-45

-3O

-45

M
max

(ft-lb)

0.00 iZ7

O. 00081

0.00086

0.00030

0.00451

0.000008

J6e

(deg)

0. 097

O. 05Z

o. 065

0.019

0.363

0.152
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(3)

effects are introduced at orbital frequency, while the solar

torques enter at both one and two times orbital frequency.

Orbital Eccentricity Effects

(a) General

A conservative philosophy of designing for the conditions

attainable by the less sophisticated Scout-launched test satel-

lite has been applied. From Reference 15, an altitude band

encompassing a 95-percent probability for an 800-mi orbit

and assuming a 2-deg tip-off error would be approximately

800 ± I15 mi. This results in an initial orbital eccentricity

of 0.02, which for the test satellite results in a gravity-

gradient equilibrium pitch angle of 0. 98 deg; for this eccen-

tricity, it is slightly less (0. 9 deg) in the case of the full-

scale satellite and mission.

Because of solar pressure effects upon the orbit, the perigee

altitude of an eccentric orbit will oscillate, thus causing a

variation in eccentricity after injection. Depending upon this

eccentricity variation, which is a function of the time of day

of launch and the initial orbital parameters, the lifetime of

a satellite may vary by as much as a factor of I0.

The eccentricity appears at orbital frequency as a near-

sinusoidal forcing function in pitch. For small eccentricities,

this forcing function can be simulated by

where

I =
Y

e --

--2
L = 2el _ sin cot ft-lb , (203)
Y Y

pitch moment of inertia,

eccentricity; and

=

slug ft2;

average orbital frequency, rad per second.
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,

a.

(b)

The Rice-Wilberforce damping system has demonstrated that

it will quite satisfactorily dissipate this energy input.

Analog Computer Study

The effect of orbital eccentricity was introduced into the

pitch-plane analog simulation as a sinusoidal torque acting

about the pitch axis.

Ly(t) = L sin 02o tY

for e = 0.03.

= 0.021 ft-lb (204)

The simulation was rescaled to improve accuracy of the

small angular displacements resulting from this disturbance.

Computer runs (Figures ii0 through 113), show the com-

bined effects of this disturbance and an initial-condition pitch

error of I0 deg. The four damper configurations used for

the transient response studies were used for these runs.

The runs show that in all cases the final steady-state re-

sponse for an eccentricity of 0. 03 is approximately ±1.5 deg.

The Rice-Wilberforce/alternate-configuration run also shows

that the damping of the fundamental pitch oscillation is poor

at low amplitudes and results in a forced oscillation at 02
O

from orbital eccentricity plus a very poorly damped pitch

oscillation of comparable magnitude.

ORIENTATION SYSTEM

General

The orientation system will consist of a sequencer and two stages of

yo-yo despin devices. Its task will be to minimize the angular dis-

placement and rate relative to the moving local vertical at satellite

deployment. The sequencer will be initiated by ground-radio com-

mand when the canister separates from the final boost stage,
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Figure 1 10 - Pitch-Axis Response - Rice-Wilberforce
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Figure i I i - Pitch-Axis Response - Rice-Wilberforce Alternate
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Figure 112 - Pitch-Axis Response - Dual Mode, Lossy Spring
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approximately three-fourths of the way around the earth from the

launch site. The following sequence will then proceed automatically:

1. Despin canister

2. Separate canister halves

3. Deploy, inflate, and rigidize satellite

4. Exhaust inflation gas

The suggested sequence for placing the lenticular test satellite in or-

bit is shown in Figure 114.

A conservative philosophy has been applied in arriving at the initial

orbital orientation for design purposes. The transient response study

results show that the GAC stabilization and damping system will quite

satisfactorily acquire the desired orbital dynamics for mission pur-

poses from these conservative initial conditions. Because the guid-

ance and control accuracy of boosters capable of placing the full-scale

SEPARATION OF

CANISTER FROM

4TH STAGE

YO-YO DESPIN, DEPLOYMENT

AND INFLATION

\

LAUNCH (THROUGH SPIN-UP

AND 4TH-STAGE SEPARATION)

4T H-STA GE IGNITION

Figure 1 14 - Launch and Deployment Sequence
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b.

C.

m

lenticular satellite in orbit is an order of magnitude better than the

Scout launch vehicle, which is proposed for the test satellite, repre-

sentative Scout injection errors have been used for design purposes.

These injection errors will appear as initial orbit eccentricity and

attitude angles and rates. Since the final stage of the Scout launch

vehicle is spin stabilized, this will result in a residual yaw rate af-

ter despin in addition to other typical disturbances from sources

such as thrust misalignment, mass unbalance, or tip-off error.

Spin-Up and Coning Angle

The Scout spin-up system (Reference 16) will, with a canister spin-

axis moment of inertia of i. 50 slug-ft 2, spin the fourth stage to ap-

proximately 146 rpm. Half cone angles from 2 to 3 deg are possible

(Reference 17) from four disturbance sources: (i) dynamic unbalance

of the fourth stage, (2) lateral impulse at fourth-stage ignition, (3)

fourth-stage thrust misalignment, and (4) tip-off error at payload

separation. The rms sum of these disturbances is 4.6 deg. Arith-

metically, they add up to 10 deg. These half-cone angles would ap-

pear as pitch or roll angles after despin of the canister.

De spin of the Canister

The canister payload will be despun by a two-stage yo-yo despin sys-

tem. The two-stage system is advantageous over a one-stage sys-

tern because it results in greater despin accuracy. Another item to

be considered in the actual design of a despin system is the internal

stress caused by the rapid angular deceleration. The two-stage sys-

tem does not alleviate the internal stress or packaging problem, but

results ina less stringent release requirement at the end of the sec-

ond stage. Utilizing smaller weights and unwinding the cables from

a smaller diameter increases the time to despin and therefore tends

to alleviate the internal stress problem.

In the lenticular satellite application, the objective is to despin to

zero rpm. This is an advantage, since for a given spin moment of
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inertia value, despin to zero is independent of the initial spin rate.

The method of analysis employed in this study is presented in Refer-

ence 18. The data presented are based on unwinding two 2-oz and

two 3-oz weights for the two stages, respectively, from the maxi-

mum I2-in. diameter about the spin axis and releasing them at a

radial position. The following formula results in the necessary cord

length to despin to any desired rpm:

I I+A

2 = l -A ' (z05)
m(l + r)

where

I

m

r =

= canister spin moment of inertia, 1.50 slug-ft2;

= mass of despin weights plus one-third mass of

cords, 0.008 slugs;

length of cords, feet;

radius of coiled cords, 1.0 ft; and

ratio of desired final rpm to initial rpm.

Applying this formula, first-stage despin cord lengths of lZ. 2 ft will

despin the canister from 146 rpm to 5.4 rpm in 0. 94 sec, and second-

stage cord lengths of 10. Z5 ft will despin the canister to 0 rpm in an

additional 21.9 sec. Assuming a despin accuracy of ±3 percent of

initial-spin rpm for each stage results in an over-all despin accuracy

of ±0. Ii percent, which for the initial 146 rpm leaves a residual spin

of only 1 deg per second. This spin would appear as a yaw-angle rate

and would be further attenuated by a factor of 240 as the satellite de-

ploys to a yaw inertia of 360 slug-ft 2.

The maximum tension in any stage is encountered when the cords are

unwinding but still tangent to the cylinder about which they are unwind-

ing. The formula used to compute this tension is
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z i
T
max = -'_ Wo ' (206)

+r

d.

where

T = maximum tension in cords, lb; and
max

W ° = initial spin rpm.

For the first stage, this results ina tension of 33. Z lb, and for the

second stage a value of 0.055 lb. Piano wire of 0.015-in. diameter

(tensile strength = 60 lb) will provide the necessary tensile strength.

Initial Orientation

For a fourth-stage tip-off error of Z deg, a 95-percent probability

encompasses an altitude variation of approximately 0 ± 115 mi for a

desired circular orbital altitude of 800 mi (Reference 15). This re-

sults in an initial orbital eccentricity of 0.0Z. Half-cone angles as

large as 10 deg are possible, which in combination with an initial
-4

rate error equivalent to the orbital rate of 8.7. 10 tad per second

will result in initial oscillations in pitch or roll of approximately ±40

deg for the test satellite. Initial oscillations of the full-scale satel-

lite will be no greater than 40 deg because of the increased guidance

and control accuracy anticipated for the full-scale satellite.

. CONC LU SIONS AND RE COMMENDATIONS

On the basis of studies made so far, it has been shown that the applica-

tion of gravity-gradient stabilization to a lenticular-shaped communica-

tion satellite is definitely feasible. It is therefore recommended that the

study be continued. A very efficient gravity-gradient libration damper

(the Rice-Wilberforce damper) has been discovered. Further study of

the transient and steady-state stabilization accuracy needs to be done,

however, The optimum-tuning theory for this damper, which has been
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developed during Phase I, needs to be: verified with a complete eight-

degree-of-freedom simulation of the equations of motion of the satellite.

More studies need to be made of the effects of solar pressure and orbital

eccentricity in generating steady-state attitude errors. Especially per-

tinent here is the influence of the various reflecting-to-total-surface-area

ratios of the satellite subsystems as functions of the type of satellite struc-

tural material, wire mesh size, and degree of photolyzability of the film.

Also, the effects of sun-line angle of attack on this reflecting-to-total-

surface-area ratio and the effects of a non-lens-centered center of mass

must be investigated.

Hardware studies of the Rice-Wilberforce damper should be made to ex-

amine the questions of physical realizability of the helical spring and re-

quired damping-fluid parameters, the pivot problem of the damper ele-

ment, and the general questions of deployability of the damper. Also, the

question of using an active orientation system to provide a relaxed gravity-

gradient capture problem at the time of satellite deployment needs to be

examined. Various approaches to the problems due to the rather inde-

terminate body-axis moments of inertia during inflation of the satellite

also require further study.
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SECTION III - TECHNICAL DISCUSSION - PHASES I AND II

Subsection Four - Microwave Analysis and Tests

° GENERAL

A microwave analysis and test program was undertaken to prove the feasi-

bility of the lenticular configuration as a passive relay satellite. A pre-

liminary investigation of the lenticuIar shape indicated that a significant

radar return was to be expected because of the edge diffraction phenome-

non. This return combined with the return from the spherical portion of

the lenticular shape would cause large amplitude variations with changes

of frequency. Theoretical calculations of the edge diffraction were made,

and a computer program Was set up to calculate the expected radar re-

turns as a function of frequency.

Reflectivity measurements were made on a scale model of the lenticular

shape in an effort to accomplish the following:

1. Experimentally determine the magnitude of the edge "

diffraction return for correlation with the return

predicted by theory.

2. Predict the over-all return that might be expected

from the full-scale and flight-test satellites.

Technical literature was reviewed and consultants were used to determine

the state-of-the-art of diffraction analysis, to direct further analysis, and

to establish valid reflectivitymeasurement procedures. Theoretical con-

sideration was given to the effect of the boom and canister on radar re-

turn, the reflectivity of the wire-grid material used for lens caps, and

the effect of the lens surface tolerance.
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. EDGE DIFFRACTION ANALYSIS

a_. Theoretical Approach

A theoretical analysis was undertaken to determine if the radar re-

turn due to the edge diffraction and the radar return from the front

convex surface of the satellite are comparable in magnitude. The

results of the analysis on the 267-ft-diameter, 200-ft-radius-of-

curvature lenticular shape are as follows: ,

, Radar cross section of convex surface (center

spherical portion of the lenticular shape) 19

_c 1 2 × 104m 2 I= " _ I (207)

I
J

V

_o Radar cross section of edge diffraction of 267-ft-

19
diameter lenticular shape

-e ..... (208)

,J\
X

Since the magnitude of the over-all lenticular return due to construc-

tive and destructive interference between the two returns is given by

•

it can be seen that the resultant return from the proposed configura-

tion could suffer from large amplitude variations. The variation was
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bo

m

computed to be approximately 21.5 db for the nose-on monostatic

conditions.

Equation 209 describes the magnitude of the variations but does not

show the variations as a function of frequency. For this reason, the
2O

impulse scattering technique was used to describe the radar cross

section as a function of frequency for the cases where the low-fre-

quency and high-frequency return and the shape of the scattering ob-

ject are known.

After consultation with Dr. Kennough, a the impulse scattering equa-

tions were simplified and the edge diffraction pulse was redefined
21

from the work of Keller.

A computer program was then set up to evaluate the equations and to

obtain numerical results over a wide frequency band. The results

of the computer analysis, an explanation of the graphs of return ver-

sus frequency, and the equations of the radar return are presented

in Appendix F. In general, the results show that the nose-onmono-

static return from the lenticular shape varies by 21.5 db and that a

complete cycle of constructive and destructive interference occurs

with a 10-mc frequency change for the 267-ft-diameter lenticular

satellite.

Reflectivity Tests

(i) General

The purposes of the lenticular satellite reflectivity tests were:

I. To determine the peak magnitude of the

edge scattering or diffraction return for

correlation with the return predicted by

theory.

aohio State University, Antenna Laboratory.
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(2)

2. To determine the over-all return that

might be obtained from the complete

satellite.

A scale model of the lenticular satellite was fabricated, and re-

flectivity patterns were taken on a 150-ft test range. Although

it would be desirable to determine the peak magnitude and dis-

tribution of the spectral return (the return from the center por-

tion of the model, neglecting edge effects), it did not appear that

this could be readily obtained from direct reflectivity measure-

ments. However, the phase interference relationship between

the edge effects and the center spectral return was apparent

when patterns of the complete model were compared with the

pattern of a reference sphere (essentially a constant return as

the sphere is rotated). An approximation of the magnitude of

the edge return could then be made, and the validity of the edge

diffraction equations for the lenticular shape could be established

by comparing the measured and theoretical edge return.

Test Model

A scale model (Figures i15 and ll6) of the lenticular satellite

was constructed by gluing wooden strips together and forming

them to the desired shape ona lathe. The model was then co_d

with conducting paint for the radar cross section measurements.

A size was chosen that would enable valid reflectivity data to be

o1_tained. Ease of model handling and the reception of a large

signal for the far-field conditions were also considered. A 15-

in.-radius-of-curvature model with an 84-deg included angle was

chosen, thus providing a 20-in. -diameter model (Figure ll7).

The model width-to-wave-length ratio at X band is considerably

out of the resonant region (the region where the radar cross sec-

tion and the return from a spherical shape vary considerably

with a change frequency). Also, the depth is 4 in. for one curved
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Figure l l5 - Reflectivity Test Model (Front View)
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Figure 1 16 - R.eflectivity Test Model (Side View)
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/
i RADIUS

INC_I DEPTH

""-'- 20-1NCH DIAMETER -'--"

(3)

Figure 117 - Reflectivity Test Model Dimensions

portion of the model. Therefore, approximately 16 Fresnel

zones illuminate the model in the nose-on direction, which is

sufficient to obtain the spectral return of _R 2 (that of a sphere). 22

It was not the intent of the reflectivity model tests to simulate the

actual pattern of the full-scale model at its operating frequencies,

but rather to determine the reflection characterist£u_ ........_,_a__,_ _-...

dependent of frequency. For example, while the actual interfer-

ence pattern of the edge diffraction return and the center spectral

return is dependent on frequency, the peak scattering and the en-

velope of the edge scattering are relatively independent of fre-

quency.

Test Range and Equipment

A 150-ft reflectivity range was set up to take reflectivity patterns

of the Z0-in. model at X band frequencies. A block diagram of

the setup is shown in Figure 118 and a diagram of the range is

shown in Figure i19. The range was of sufficient length to ensure
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Figure 118 - Block Diagram of Reflectivity Range Equipments
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Figure 119 - Reflectivity Range (Side View)
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far-field reflectivity characteristics and short enough to provide

an adequate signal level to reduce errors caused by noise re-

turns. The model was mounted 6-ft above the ground on a ro-

tating pedestal and 150 ft from two standard-gain horns used as
the transmitter and the receiver. These horns were mounted

0.6 ft above the ground. These conditions provide the following

range parameters:

i. Phase variation over model -<)%/16

2. Amplitude variation over model

Width - <0. 25 db

Height - <0.35 db

A noise cancelling network was used to decrease or null-out the

background noise, and a fence of r-f absorbing material was

placed in front of the pedestal to reduce the return signal from

the pedestal and mount.

Table XXII lists the test equipment used for reflectivity meas-

urements of the 20-in. lenticular model. All critical equip-

ments were calibrated prior to reflectivity measurements.

TABLE XXII - TEST EQUIPMENT FOR 20-IN. MODEL

REFLECTIVITY TESTS

Item

Directional coupler s

Uniline

Klystron

Frequency stabilizer

Power supply

Attenuator

Model number Manufac tur er

402

R-88.96

V-58

2650A

801A

195B

PRD Electronics Inc.

Cascade

Var iac Co.

Dymec Div.
Packard Co.

of Hewlett-

PRD Electronics Inc.

PRD Electronics Inc.
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TABLE XXII - TEST EQUIPMENT FOR 20-IN. MODEL

REFLECTIVITY TESTS (Continued l

Item

Phase shifter

Frequency meter

Detector

VSWR meter

Precision attenuator

Model number

X-885A

585A

Mixer

Receiver

Recorder

Pedestal

Horns

415B

X-38ZA

M-8.2

402C

APR/20/3o
584

Standard gain

Ma nufac tur e r

Hewlett- Packard Co.

PRD Electronics inc.

Hewlett-Packard Co.

Hewlett-Packard Co.

Scientific -Atlanta Inc.

Scientific -Atlanta Inc.

Scientific -Atlanta Inc.

Goodyear Aerospace

14) Test Method

The 20-in. lenticular model was tested on the 150-ft reflectivity

range under monostatic conditions (transmit and receive horns

at the same point) for frequencies between 8570 and 9830 mc,

to determine the effects of phasing between the edge diffraction

........... _ , ,-_, ,,. _.u_ cauh frequency o test, the

following procedure was followed:

I. The mount, which holds a 20-in. reference

sphere, was placed on the rotating pedestal.

2. The background noise level received was

nulled out (to reduce errors in reflectivity

patterns due to high noise level) by means of

the noise cancelling network and positioning of

the r-f absorber fence in front of the pedestal.

3. A pattern of received noise was then taken as
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(s)

the mount was rotated ±90 deg to ensure that

the mount noise level did not increase with

mount rotation.

4. The 20-in. sphere was then placed on the

mount and rotated ±90 deg to establish a ref-

erence level pattern.

5. The 20-in. sphere and its mount were then re-

moved, and the mounting fixture for the len-

ticular model was installed.

6. The background noise level was then rechecked

and renulled, if necessary, and the mount was

rotated ±90 deg to ensure that the mount noise

level did not increase with mount rotation.

7. The lenticular model was then placed on its

mount, and a reflectivity pattern was taken

over ±90 deg from nose-on.

8. The lenticular model was then removed, and

the background noise level was rechecked to

ensure that there had not been an increase

durin_ the r eflectivitv measurement.

9. The transmitter and receiver were then re-

tuned to the next test frequency, and the above

procedure was repeated.

Figure 120 shows relative positions of the transmit and receive

horns and the lenticular model.

Test Data

Test data were obtained from the monostatic reflectivity pat-

terns taken on the lenticular model. Figures 121, 122, and 123

show representative patterns. Figure 121 shows apparent con-

structive interference between the edge and center spectral
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Figure 120 - Monostatic Reflectivity Measurements

returns. Figure 122 indicates apparent destructive interference

(nose-on, ±l.33-deg region). Figure 123 shows an apparent 90-

deg phase relationship between the edge and center returns.

Each reflectivity pattern contained the following:

I. Noise level of the reference sphere mount

2. The reference sphere reflectivity pattern

3. Noise level of the lenticular mount

4. The lenticular model reflectivity pattern

From the reflectivity patterns, the following items of data listed

in Table XXIII were obtained:

i. Reference sphere return above noise (average)

2. Average lenticular return (over azimuth angles
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Figure 121 - Reflectivity Pattern - 9830 Mc
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Figure 122 - Reflectivity Pattern'- 9030 Mc
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Figure 123 - Reflectivity Pattern - 9370 Mc
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C.

• m

of interest) a with respect to the reference

sphere return

3. Nose-on (0-deg azimuth) lenticular return

with respect to the reference sphere return

4. Nose-on (0-deg azimuth) lenticular return

with respect to average lenticular return (over

azimuth angles of interest)

5. Maximum variation of lenticular return (over

azimuth angles of interest)

Plots of the data contained in Table XXIII are given in Figures

124 through 127.

Test Data A,,a_)_s.=

In the reflectivity data analysis, it was assumed that the nose-on re-

turn of the lenticular model is the sum of two contributions, the

spherical section return of the lenticular shape and the edge diffrac-

tion return. The purpose of the analysis was to determine the rela-

tive amplitude of the edge diffraction compared to the return of the

spherical section.

The nose-onmonostatic return is then given by two vectors, A and

/5 (_'igure 128).

The maximum power from the E vectors A and B is (A + B) 2, and

the minimum is (i - B) z. Referring to Figure 125, the maximum

variation with frequency in nose-onmonostatic return is ii. 3 db

(including ±2 db measurement accuracy allowance). Then

aThe lenticular model, has an included half angle of 42 deg; however, the re-

turn from the model falls off sharply at approximately 38 deg from nose-on.

Data were obtained from the ±38 deg from nose-on region.
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-- EDGE DIFFRACTION RETURN

l A -- SPHERICAL SECTION RETURN

I

Figure 128 - Vectors A and B

11.3 db = 10 log (A + B 12

(A - B) z
(2.10)

and

B
1 +_

11. 3 db = 20 log B (211)
I - --

A

Solving Equation Zl 1 for B/A, we have

i011.3/20 _ i

i011.3/20 + 1

0. 572
I (21Z)

If the E vectors of the edge diffraction and the spherical section con-

tribution are in the ratio 0.572/1, then the power ratio is 0 327/1.

Theoreticalcalculations of Itema, above, predict a power ratio of

0.69/1.

The reflectivity patterns also indicate that the ll.3-db variations in

return with frequency are only evident in the nose-on, +l.5-deg re-

gion (see Figures 121 and 12Z) and that outside that region the re-

turn very closely approximates (±1.5 db) the return expected from a
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.

full sphere of the same 15-in. radius of curvature as the lenticular

model. Edge effects do not appear to cause large variation in return

(>4 db) outside the ±l.5-deg region. Since the large variations are

apparently confined to this small angular range, the edge diffraction

return does not pose as serious a problem as previously believed.

However, the geometric configuration between the transmitter, re-

ceiver, and satellite for a typical mission should be considered to

determine whether the ±1.5-deg region is of interest and whether the

magnitude of the variations is large enough to cause significant loss

of return to operational radars.

LENS SURFACE TOLERANCE EFFECTS

The bistatic radar cross section for a smooth, continuous, metal surface

is determined by the radius of curvature of the surface at the point where

the normal to the surface coincides with the bisector of the angle from

the transmitter to the satellite to the receiver. The following three con-

ditions restrict the surface so that only one normal coincides with the bi-

sector of the scattering angle:

1. The spherical radius of curvature of the lenticular

satellite will be 200 ft (±1 percent}.

2.. The cord lenath nf n ._nhp_-_e-nl _am_nf ,x,_11 h_,a

diameter of no less than 50 ft.

3. Local radius of curvature will not vary by more

than ±30 percent from the design spherical radius

within a 1-sq-ft section.

These conditions eliminate the possibility of an interference effect be-

tween signals from several different regions of the sphere.

The effect of a local perturbation is negligible if the local rms surface
23

variation is less than 0.02 of the wave length (for a solid sphere).

Since this communication satellite is to be used at frequencies up through

-327-



SECTION III

Subsection Four - Microwave Analysis and Tests GER- 11502

.

X band and the maximum surface discontinuities will not be more than

0. i0 in., peak-to-valleg, the ratio of rms surface variation to wave

length could be as large as 0.014. Although the corresponding theory

for the surface variations of a wire grid sphere has not been developed,

the effects of the specified maximum surface variation should also be

negligible in this case.

If the satellite is fabricated to the tolerances noted above, the surface

variation effect on the radar return will be insignificant.

/

BOOM AND CANISTER EFFECTS ON R-F RETURN
\

Boom and canister effects on the r-f return from the lenticular satellite

were first analyzed by considering the radar return of the booms and can-

ister at various aspect angles. The effects were analyzed for low dielec-

tric material booms, one of which contained an I/8-in. conducting wire

to simulate the pressure and temperature sensor leads. The equations

for the radar cross section of the booms are given in Appendix G.

Figure 129 shows the plot of radar return versus angle of incident energy

to boom for polarization parallel to the boom. The return is referenced

to a 200-ft radius sphere to show the effect of the boom on the over-all

lenticular return. The effect of the wire is seen to be negligible except

• ,, _i_ _u _-i} aeg region. Outside this region the return from the wire

is at least 43 db down from the spheric'al portion of the lenticular satel-

lite. For this undesirable condition, 90 (±I) deg, to exist, the satellite

axis must be tilted off the vertical 8.5 deg and be illuminated at an angle

=4?- deg to the vertical (the maximum angular range of the satellite). Also,

the polarization of the incident energy must be parallel to the boom, since

the radar return falls off as the cos 4 _ (polarization angle to the boom).

The return from the boom in the angular regions of interest is quite small

and will have negligible effect on the lenticular return.

Since grid material was considered for rigidization of the booms, the

boom return was calculated, assuming that the booms are fabricated from
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NOTES: WIRE- 210 FT LONG, I/8-IN. DIA(_.=1.18)
WIRE GRID - 210 FT LONG, 4.1-IN. DIA ()_ = 5.59)
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Figure 129 - Boom Radar Return versus Angle of Incidence to Boom
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conducting material. The booms would then constitute cylinders 210-ft

long and 4.1-in. diameter.

The wave length of incident energy would range from I. 18 to 5.59 in. It

was therefore necessary to consider the boom's radar cross-section for

two cases. For the high frequencies, the booms were treated as cylin-

ders where the wave length is less than the radius of the boom (_k<a).

For the low frequencies, the booms were treated as wires where the wave

length is greater than the radius (_a).

Calculations were made ate= 1. 18 in. and_k,= 5.59 in. (approximately

2 to 10 kmc frequency range). For the case of_)a, the return due to

one boom as a function of 0 (angle of incidence) is shown in Figure 129.'

It has the same form as the return from the 1/8-in. wire considered, ex-

cept that the return is approximately 8 db greater than that of the 1/8-in.

wire at small 0 angles and 3 db greater in the 90-deg region. The mag-

nitude of the boom return is still quite small over the angular range of

interest and has negligible effect on the lenticular return. For example,

a return from the boom that is 40 db down from that of the center spheri-

cal portion of the satellite would cause only 0. 18-db degradation in over-

all return under the worst Conditions.

For the_a case, the return due to one strut has the same general form

tal effect of the conducting boom for th_s case is also considered negligi-

ble.

It must be concluded that if the booms were made of conducting •material

the effect on the satellite return would be very small, except where they

are viewed exactly normal to the line of sight with the E field parallel to

the boom.

The canister was considered as a sphere 56 in. in diameter. Its radar

cross section at X band would be

_can = lrR2 = 17. 2 sq ft = 1.6 sq m . (213)
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The radar return of the canister is down 40 db from that of the spheri-

cal portion of the satellite and would have negligible effect on the lenticu-

lar satellite return.

Boom effects computed on the basis of area blocked by the booms com-

pared to the total reflecting surface show less than 0. g-db degradation in

return.

Since the amplitude of the canister radar cross section is small compared

to the theoretical lenticular radar cross section, the singular effect of the

canister blocking energy on the lenticular first fresnel zone does not sig-

nificantly affect the radar cross section if not more than the first fresnel

zone is blocked. This results from the fact that the vector addition of the

backscattered radiation from the center of the sphere and the various cir-

cular zones can be represented on the complex plane as a spiral (Figure

130). This spiral starts out approximating a circle in the first fresnel

zone and slowly converges to a point at the center of the approximate circle

VECTOR = MAGNITUDE OF BACKSCATTERED

RADIATION FROM VARIOUS POINTS ALONG

THE ARC OF THE LENTICULAR SHAPE. ANGLE
= PHASE ANGLE OF BACKSCATTERED

RADIATION.

f •
1

Figure 130 - Magnitude and Phase Angle of Backscattered
Radiation from Lenticular Satellite
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as the contributions from the zones near the shadow region are added.

The total radar cross section is directly proportional to the square of the

distance from the center of the spiral to the spiral position where the back-

scattering, first starts. Since the first fresnel zone contribution is essen-

tially a circle, the total radar cross section would not change appreciably

by blocking out less than the first fresnel zone.

LENS SURFACE REFLECTIVITY STUDY

The reflectivity of the I. 6- and I. 2-mil grid material was determined con-

sidering the transmission line shown in Figure 131, where jx represents

the wire as a susceptive sheet. The susceptance is

X

a a _n a (Reference 19)
Z o

where a = wire spacing (inches), and r = wire radius (inches).

(214)

Zo, YO i ix Zo, YO

Figure 131 - Transmission Line

-332 .....



SECTION III

Subsection Four - Microwave Analysis and Tests GER- 11502

• IrlThe reflectivity or power reflection coefficient Z is then given by

= z+ 00Y (z15)

where Y/Y0 = Z0/X"

For the cases of interest, I. 18 in.<_ 45.90 (2 to I0 krnc operating fre-

quency),

a = 1/24 in.,

and (216)

r = 0. 0008 and 0. 0006 in.

The minimum reflection coefficient calculated from Equations 214 and 215

is 0.98 or 98 percent reflective. However, the exact configuration of the

wire material does not give equal spacing of wires in both planes. The

grid material consists of 24 wires per inch equally spaced in one plane and

essentially 8 groups of 3 wires per inch in the other plane (see Figure 132).

Therefore, the reflectivity as calculated above will only hold when the po-

larization of the incident energy is parallel to the wires that are equally

_p_ed 7.4 p_r inuh.

Appendix H contains microwave r eflectivity measurement data for the grid

materials at various frequencies and parallel and perpendicular polarization.

Measurements show = 97.6 percent reflection for parallel polarization,

which correlates very closely with the theoretical predictions (= 98 percent).

An exact theoretical analysis is not available for the case of perpendicular

polarization, since the group of three wires may not be treated as a single

conductor. However, on the basis of eight equally spaced conductors,

theory predicts approximately 80 percent reflection. Microwave measure-

ments show = 91.5 percent reflection or that the lenticular return could be
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Figure 132 - Grid Material Configuration

.

reduced by 0.40 db by using wire-grid material instead of a solid conduct-

ing surface. These measurements were made on l.Z-mil wire at X band

frequencies for the worst case polarization.

ELECTRICAL CONTINUITY C)F T.1_,N,q _TTI_A_._.

Brief theoretical consideration was giv.en to the electrical continuity of the

lens surface material. If the surface material of the satellite is continu-

ous around the edge, the surface discontinuity will be less, thus reducing

the effect of edge diffraction on the radar return. Both spherical caps of

the satellite should be fabricated from conducting material to reduce the

included angle at the edge of the satellite.

It is not considered necessary for adjacent gores to have conductivity as

long as the spacing between seams is of sufficient length. This implies

that a circular cap would be necessary where the gores become narrow

near the center of the spherical surface. The approximate reflectivity
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of the area near the cap as a function of cap radius is plotted in Figure

133. This cap radius was computed for the full-scale satellite. If fewer

gores were used and the spacing between gores widened, a cap of smaller

radius could be Used.

. PREDICTED R-F RETURN OF FULL-SCALE AND FLIGHT-TEST SATEL-
LITES

The radar return from the full-scale (267 ft) lenticular model, predicted

by theoretical considerations of the magnitude of the edge return and the

phasing relationship with the center return, indicates approximately 21.5-

db variation in nose-on return with changes of frequency. The period or

frequency spacing at which these variations occur is approximately 10 mc

for the full-scale satellite and is based on the distance, h, from the cen-

ter of the ienticuiar shape to the edge along the line of incident energy (see

Figure 134).

The period of variation for the 50-ft flight-test model would be approxi-

mately 51 mc due to the reduced h dimension; however, the theoretical

magnitude of the variation would be approximately the same as that of the

full-scale model (21.5-db theoretical).

The reflectivity range tests of the 20-in. model indicate that variations

of approximately 11 db in nose-on monostatic return are present, but

large variations are not seen outside the nose-on ±1.5-deg region (Fig-

ure 135). Also, for small bistatic angles the region of large variations

is ±1.5 deg from the position where the normal to the center of the spheri-

cal surface bisects the angle between the transmitter and receiver (Fig-

ure 136).

The reflectivity tests also indicate that the average return magnitude

from the lenticular model very closely approximates the return magnitude

to be expected from a complete sphere (yR Z) of the same radius of curva-

ture as the lenticular model. The average radar return of the full-scale

and flight-test models should therefore be equal to the return from com-

plete spheres of their respective sizes.' (Th-e: radius of curvature is
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LENTICULAR

_ MODEL

r NsM,'r)" "<.RECE,VE

Figure 136 - Bistatic Region of Large Variations .

200 ft for the full-scale model and 37.4 ft for the flight-test model.)

Since the large variation in return with changes of frequency appears to

be present only in the nose-on+l.5-deg region, the aspect angles of a

typical operational mission must be considered. The probability of the

_L_iiite being in _uch _ gu_iLiun _,,d _LLIL_d_ Lu glv_ -, **u_-oii • _t-_n ii-,

two planes at once is quite small, and the over-all operational capabilities

of the satellite should not be critically affected. The following four cases

indicate possible positions and attitudes and whether or not operation is in

the critical region of variations:

Case 1 - Nose-onmonostatic return in two planes (see

Figure 137).

Case Z - Bistatic operation with angle, a, between the

transmitter, satellite, and receiver bisected

and the satellite above the transmitter and re-

ceiver in a vertical plane (see Figure 138).
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Figure 137 - Satellite Attitude and Position - Case 1

Case 3 - Bistatic operation with the satellite in a plane

other than vertical above the transmitter and re-

ceiver and angle, a, between the transmitter,

satellite, and receiver bisected (see Figure 139).

Case 4 - Bistatic operation with the satellite in a vertical

plane above the transmitter and receiver and

angle, a, between the transmitter, satellite, and

receiver not bisected (see Figure 140).
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The indicated region in Case 1 (Figure 137) is a critical region of varia-

tion, but is not considered a realistic configuration for operation of a

communications satellite.

If either 0 or _is increased beyond±l.5 deg, the return will be approxi-

mately that Of a complete sphere (¢¢ = _R2), and large variations with

frequency change will not be seen.

The region in Case 2 (Figure 138) is also one of large variations, but is

a point of singularity since the angle, a, must be bisected and the satel-

lite located in a vertical plane above the transmitter and receiver. Again,

if 8 or _ is increased beyond ±1.5 deg, operation will not be in a region

of large variations.

For the operational configuration in Case 3 (Figure 139), the return would

closely approximate that expected from a complete sphere (_'= _R2), and

the operation should not be in a region of large variations of return with

changes of frequency. This configuration is considered to be a more real-

istic representation of positions and attitudes to be expected in a typical

mission.

The operation in the configuration in Case 4 (Figure 140) should not be in

the critical region of variation with frequency, and the return should be

that of a complete sphere (_" = IrR2).

Since Case 1 is for a monostatic operational mode, which does not appear

of interest, and Case 2 is a point of singularity, Cases 3 and 4 are most

representative of attitudes and aspect angles that would be encountered.

The probability of being in the configuration of Case 1 or 2 is also quite

small and should not greatly affect the operational capability of the satel-

lite. The return (0r'= 7rR 2) predicted for Cases 3 and 4 was based on re-

flectivity measurements at small bistatic angles (_10 deg) and should

therefore be qualified. Additional reflectivity measurements at large

angles should be made to more accurately predict the return coverage to

be expected.
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CONCLUSIONS AND RECOMMENDATIONS

a. General

The conclusions and recommendations given below were based on the

theoretical analysis and reflectivity tests of the lenticular shape.

b. Conclusions
I

Theoretical predictions of variation of nose-on monostatic return in-

dicate that 21.5-db variations are to be expected compared with ll-

db variations (±2 db error assumed) shown in the reflectivity tests of

the 20-in. model. The theoretical variation indicates a power ratio

of 0.69/I for the edge diffraction return to that of the center spectral

return; the reflectivity measurements indicate a power ratio of 0.33/I.

Although there is no close agreement between theory and tests, the

indications are that considerable variations in nose-on rnonostatic re-

turn are to be expected. One source of possible disagreement between

the theory and tests is that the frequency increments at which reflec-

tivity patterns were taken were not sufficiently small to completely

define the curve showing constructive and destructive interference

between the edge and spectral return. Also, since the 20-in. test

model was small compared to the full-scale satellite, an exact scal-

ing of the edge configuration was difficult. Therefore, the edge re-

turn may not have been as large as that predicted.

Reflectivity patterns indicate that large variations (= 4 db) in mon0-

static return are not apparent outside the nose-on, ±l.5-deg region.

Since the probability of the satellite being in such a position and atti-

tude that a nose-on monostatic return is given in both planes is quite

small, the nose-on return variation is not necessarily considered

detrimental to the operational capability of the satellite. Therefore,

the effect of frequency change on over-all return is not as serious as

previously believed.

The average value of the lenticular rnonostatic return as the satellite

/
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is rotated over its included angle very closely approximates (±2 db)

the radar return magnitude of a complete sphere of the same radius

of curvature (200 ft) as the lenticular satellite.

Preliminary bistatic reflectivity tests at small bistatic angles (_10

deg) indicate that the variations in return are approximately equal to

those seen under monostatic conditions.

A moderate included angle of the lenticular configuration should be

maintained since the magnitude of the edge diffraction return is an

inverse function of the angle between the tangents to the two spheri-

cal caps at their point of intersection. Decreasing the included angle

would increase the edge diffraction return and thus increase varia-

tions' in the lenticular return.

The effect of lens surface tolerance on the radar return is considered

negligible if the mechanical tolerances outlined in Item 3 are main-

tained.

The effects of booms and canister on the radar return are negligible

even under the extreme conditions where the booms are totally con-

ducting material.

The reflectivity of the 1.2- and 1.6-mil wire-grid material for the

lens caps is sufficient. Measurements show_gl. 5 percent of the

worst case conditions of wire size, polarization, and frequency.

Over-all lenticular return may be reduced by 0.4 db by the use of

the wire grid lens instead of a totally conducting surface.

Electrical continuity between the lens caps is considered necessary

to reduce the edge diffraction return. Continuity between gores is

not necessary except near the center of the spherical lens where the

distance between gore seams becomes small in terms of wave lengths.

For this reason, a cap of grid material (13-ft radius) with electrical

continuity should be used on the full-scale model.

Results have indicated that it is feasible to simulate the full-scale
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satellite r-f characteristics with a 50-ft-diameter flight-test model

by maintaining geometric similarity. Using prototype materials,

similar r-f returns will be experienced in areas of edge diffraction,

lens materi_tl reflectivity, boom blockage, and canister blockage for

monostatic and bistatic attitude conditions. The r-f returns then be-

come representative and predictable for any model size and flight

altitude.

The effect of lens radius of curvature, p, on r-f return can readily

be calculated for different size satellites through the relationship
2

_'oc p . The r-f return prediction, _, for different altitudes can

1/STZSR 2also be determined, since _'oc where S T and SR are satel-

lite separation from transmitter and receiver respectively. On the

basis of theory and ground model tests, it is possible to predict with

reasonable accuracy the r-f return for any size similar satellite for

known flight conditions.

Recommendations

Additional theoretical analysis of the edge diffraction phenomenon is

recommended to better understand the effect of design parameters

on the edge diffraction return. A more detailed analysis that takes

into account the exact edge configuration of the satellite should be

unciertal_en. i'nlS type of analysls woulct possibly provlcte closer cor-

relation with the reflectivity measurements. Another area of interest

would be the theoretical analysis for the bistatic operating conditions.

In conjunction with the analysis above, the theoretical prediction of

the return from an additional 40-in. test model should be determined

and reflectivity measurements made to substantiate this theoretical

analysis.

Reflectivity range tests of the present 20-in. model and the additional

40-in. model over a complete range of bistatic angles and typical oper-

ating frequencies are considered necessary to more closely predict

the operational capabilities of the lenticular configuration,
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Additional effort should be made to measure the magnitude of the edge

diffraction return to provide closer correlation with the theoretical

analysis.

The edge of the lenti_ula_ test model should be modified and reflec-

tivity measurements made in an effort to reduce the magnitude of the

edge return and thus reduce variations in over-all return with changes

of frequency.

Recent Goodyear Aerospace experience on grid materials and grid

structures indicates that for a shape such as the lenticular satellite,

leakage of r-f energy through the front lens may be focused and re-

radiated somewhat by the rear lens and thus cause variations in the

over-all satellite return due to constructive or destructive interfer-

ence with the specular return. For this reason, reflectivity tests on

a scale model fabricated from representative grid material are rec-

ommended. The tests would determine whether the over-all return

is adversely affected by use of grid material instead of a totally re-

flecting lens material. The effect of spacing between lens surfaces

could also be determined.

The effects of the boom and canister on r-f return were analyzed on

the basis of the comparison of the magnitude of the lenticular shape

return and that of the boom or canister return. Additinn_l pft_n_-t

should be made to determine the effects of multiple path reflections

from the booms or canister to the lenticular shape.
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Subsection Five - Material Development

. GENERAL

Significant advances in the development of the wire cloth-photolyzable

film composite lens material were achieved during Phase II of the pro-

gram. The work involved both test evaluation of previously developed

composite materials and development of more refined materials. The

development work was performed on (1) wire and wire cloth, (2) photo-

lyzable film, {3) film-cloth composites, and (4) seams.

Development of wire cloth-photolyzable film materials was started by

Goodyear Aerospace prior to 1 July 1963. From 1 July through 31 De-

cember 1963 GAC efforts were supplemented with funds from this con-

tract. The materials development report 9 for Phase II covers the com-

bined work in this area.

The report presents the results of a wide variety of development tests.

Basic stress-strain curves are given for the various wires, wire cloth,

photolyzable film, and composite film-cloth materials that were investi-

gated. Photolyzation rate curves and spectral transmission data are

given for the film variations and strength and stiffness data for the vari-

ous seam materials that were investigated. Also diaphragm test data to

determine rigidizing and buckling characteristics of the film-cloth ms-

terials are presented. In addition the report includes data on a number

of other tests such as film porosity, tear, crease resistance, impact

resistance, and effects of packaging on the materials.

Because Reference 9 includes all details and data pertinent to the material

development effort, this report only summarizes the work that was done.
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Subsection Six includes itemized material test results together with a

definition of test procedure, test facilities, and correlation of theory and

experiment where applicable. Tables and figures are included to sub-

stantiate the conclusions and recommendations and to facilitate an under-

standing of the scope of the materials development work.

The basic lens material is a sparsely woven, fine wire cloth, coated with

a photolyzable film. After deployment and inflation in space the lens will

be pressurized until the material has reached its yield point. This wiU

rigidize the wire so that the lens will remain in its inflated lenticular

shape. Subsequently the film material will photolyze under the space en-

vironment of vacuum and solar radiation. The woven wire will remain

as the operational satellite lens material.

Material design criteria include considerations such as {I) a low-weight

material, {2) a wire-cloth material that will yield at as low an internal

pressure as practical, {B) a film that will photolyze satisfactorily under

space environment, {4) a film that has a low enough porosity to allow

pressurization, (5) seams that will remain intact during the satellite serv-

ice life, and (6) a rigidized lens that will have sufficient contour accuracy

for r-f reflective characteristics.

2. WTR I_. AN1"! WTRI_ _.T.C_TT-I"

Prior to the lenticular satellite program GAC had developed and produced

limited quantities of two fine-wire cloths. These were:

le Five percent phosphor bronze, 1.6-rail wire

with 24 wires per inch in both warp and fill di-

r ections.

Stainless steel, Type 316, 1.0-mil wire with

24 wires per inch in both warp and fill directions.

During this program efforts were initiated to develop a cloth with lower

yield strength. A limited quantity of cloth made of 1. g-rail copper wire
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.

with 21 wires per inch inboth warp and fill directions, was woven and

weaving feasibility demonstrated. This new cloth was coated with film

and a limited test evaluation performed. The resulting cloth is recom-

mended as the prototype lens material and is described as follows.

PHOTOLYZABLE FILM

Prior to the lenticular satellite program GAC had initiated development

of an organic photolyzable film material. This material was intended as

a bladder for inflating and rigidizing large space structures. Unlike or-

dinary film, the photolyzable material has the desirable characteristics

of disappearing in a space environment. The key to its behavior is that,

under the vacuum environment of space, film chemical bonds are dis-

rupted by combined heat and ultraviolet supplied by the sun. Once the

photolysis takes place, the resulting lower molecular weight volatile frag-

ments evaporate.

Photolysis of the film had been demonstrated in bell-jar tests under ar-

tificial ultraviolet and temperature exposure. The original film was

transparent. This program was directed toward the development of col-

ored film. With addition0f dyes to the transparent filma fuller spectrum

of the solar energy can be absorbed. This increases the temperature of

the material in space environment and proper temperature for photolyza-

tion is achieved. Screening of dye materials resulted in the selection of

Nigrosine E-8037. Weight losstests were conducted to show that addi-

tion of the dyes did not significantly affect the photolyzation process.

Spectral transmission tests were conducted to show that photolyzation

temperatures will be achieved in the space environment.

Limited testing of the colored film material was conducted in a GAC car-

bon-arc solar energy simulator, This equipment closely simulates the

space environment of vacuum and solar energy. The test samples are

heated by absorption of energy from the solar energy simulator rather

than by artificial heat that is supplied in the bell-jar tests.
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4. FILM- CLOTH COMPOSITE

GAC had also previously developed a film-cloth laminating technique.

The laminate consisted of a sheet of photolyzable film on each side of the

cloth. The layup was cured under heat and pressure. Because the mini-

mum practical film thickness was about 0.5-rail, a total minimum film

thickness of one mil resulted.

It was considered desirable to develop a continuous laminating procedure

as well as to reduce film thickness. Consequently this program initiated

development of a technique to cast the liquid film resin directly onto the

cloth. This resulted in a continuous belt casting process which also re-

duced the total film thickness to one-half mil. A schematic diagram of

the continuous casting process is presented in Figure 141.

The resulting composite material, with transparent photolyzable film and

both 1.6-mil phosphor bronze and 1.Z-rail copper cloth, was used in test

evaluations and in model fabrication.

. SEAMS

A major effort on lens material seam development was an important part

of the lenticular satellite program. Both tape-type and metal-joined-type

seams were considered. Most of the work was done ontape-type seams

which includes a film strap material and an adhesive for bonding to the

lens material. The development effort on metal-joined seams was ex-

ploratory in nature. Some promise was shown in resistance welding and

soldering of the wires together.

The seam development basically involved selecting tape material that

would transfer the rigidizing loads across the seam without substantially

increasing stiffness in the seam direction. Seam strength evaluations

were conducted at room temperature and at 200 F. Satisfactory seams

were developed to meet this requirement.

The seam stiffness evaluation involved selection of films that are applica-

ble as the tape material. Mylar is commonly used as a tape material but
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1

is one of the stiffer materials. Films such as Teflon and polypropylene

have considerably less stiffness and are candidate tape materials. Slot-

ting of tapes to reduce stiffness was explored and results indicated that

stiffness could be greatly reduced.

All seam evaluations were performed utilizing tensile testing. Subse-

quent evaluation has shown a tendency for tape delamination from the

film-cloth after a period of time. Test results indicate that this occurs

only when certain adhesives are used on the tape. This problem area is

best evaluated by peel tests.

CONCLUSIONS AND RECOMMENDATIONS

a. General

It is concluded that wire cloth-photolyzable film is suitable for use

as the lens material. Significant advances in the development of this

material were achieved on this project.

Although feasibility has been shown, continued development effort is

required to assure reliability for use on flight satellites. It is there-

fore recommended that further development effort be authorized in

the following areas;

Wire and Wire Cloth

Although feasibility of weaving the 1.2-rail copper wire cloth was

demonstrated, additional weaving effort is recommended. This de-

velopment would result in improved quality of the woven cloth which

can be achieved best by actual weaving experiments.

Film

Continued development effort on the colored film is recommended.

Photolyzation of the film has been demonstrated under controlled

temperature conditions. Opticaltests and thermodynamic calcula-

tions show that the film will absorb sufficient solar radiation to
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achieve the required temperature in space for rapid photolyzation.

Additional tests should be performed in the solar simulator facility

to prove experimentally that photolyzation will take place. Screen-

ing of dye materials that can be added to improve photolyzation should

be continued. Also further research on the theory of photolyzati0n

is recommended. Although the basic principles of photolyzation

are known, a thorough study is desirable. This work would be per-

formed in conjunction with the Goodyear Tire and Rubber Company

Research Laboratory.

Film Cloth Composite

Feasibility of the continuous process of casting the film resin directly

onto the cloth was established in this program. Additional casting

experiments are recommended to improve the quality of the result-

ing film-cloth composite. Porosity and uniformity of the material

can be best established by actual casting experiments.

Additional physical property testing is also recommended to better

establish the rigidizing characteristics of the composite material.

Seams

Development efforts in this program have established the feasibility

of decreasing seam stiffness by use of softer tape materials. Slot-

ting the tapes also decreases seam stiffness. It is recommended _

that continued effort be authorized on fabrication and testing of vari-

ous seam materials. A thorough investigation of seam deterioration

with time should be included. This would involve peel test investiga-

tions.

Protection of the seam materials from space environment is another

recommended area of investigation.

Model Fabrication

Fabrication and testing of models is recommended particularily for
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the lens material where an accurate contour is desirable. In par-

ticular this testing would evaluate seam materials for the so-called

beach-ball effect. The models would range from 5-to-ZO-ft in di-

ameter and would be tested at various temperatures.
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Subsection Six - Material and Component Tests

i* MATERIAL TESTS

a. Wire and Wire Cloth

Several wire materials and sizes were obtained and tested. The data

obtained included yield strength (in which 0.2 percent offset criteria

were used), ultimate strength, modulus of elasticity, and percent

elongation at failure. All wire materials were procured in a soft

annealed condition.

The tensile tests wereperformed in the GAC Instron testing facility.

Strain rates used were generally !0 percent per minute.

A summary of results of the wire tests is listed in Table XXIV.

Typical stress-strain curves are given in Figure 142. Complete

details of all tests are given in Reference 9.

Tensile tests also were performed on the bare woven cloths. The

data, stress-strain, were used to compare stiffnesses of bare cloth,

cloth with film applied, and an equivalent number of individual wires.

Details of this testing are also given in Reference 9.

b. Photolyzable Film

The test evaluation of the film materials was subdivided into three

categories :

1. Filmweight-loss behavior

2. Film optical properties

3. Film physical properties
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The weight-loss behavior tests involved measurements of material

weight-loss per unit of time. The optical property investigation in-

volved transmittance and reflectance measurements and subsequent

calculations to obtain a/F. values. The physical property tests in-

cluded tensile stress-strain data, Poisson's ratio data, and measure-

ment of film material permeability.

The weight-loss tests were performed in a specially equipped bell-

jar shown in Figure 143. The bell-jar system provided the vacuum

while ultraviolet energy was supplied by a mercury-arc lamp mounted

over the samples. The specimen mounting block was equipped with

resistance heating elements to control the material temperature.

The test samples were prepared by solution casting the film directly

on metal disks. The disks were then accurately weighed and clamped

in the mounting block. Following vacuum, ultraviolet, and tempera-

ture exposures for specified times the test samples were removed

and again accurately weighed.

Studies to determine the weight-loss characteristics of photolyzable

film were directed towards the investigation of the following areas.

I. Weight-loss behavior of clear film and effect

of molecular weight on behavior

Z. Effect of dye concentration on the weight-loss

behavior of photolyzable film. A single mo-

lecular weight resin was used for this work

3. Effect of thickness on weight-loss behavior of

clear and colored film

An example of the data,which are given in full in Reference 9, is pre-

sented in Figure 144.

Exploratory photolyzation tests were also conducted in the GAC

carbon-arc solar energy simulator (see Reference 9 for complete
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PHOTOLYZABLE FILM

CAST IN PLACE . /'- _

ENLARGED VIEW OF
SAMPLE DISC

REMOVABLE TEST SAMPLE
DISCS

BELL JAR

DISC CLAMPS

RESISTANCE HEATERS

COOLING AIR OUTLET

COOLING AIR iNLET

iON GAGE

COLD TRAP

TEMPERATURE CONTROL BLOCK

COOLING COIL

HEATER LEADS

Figure 143 - Apparatus for Controlled Environment Weight-Loss
Measurements by Sample Removal Method
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Figure 144 - Effect of Nigrosine Dye E-8037 on Weight-Loss Behavior of
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-36Z -



SECTION HI

Subsection Six - Material and Component Tests GER-IIS02

details). This type of test does not require artificial heating of the

sample as do the bell-jar tests. The solar energy simulation method

is extremely desirable because it provides accurate simulation of ac-

tual space conditions, including vacuum and broad-band radiant ener-

gy of the same distribution as the sun. Hence, both ultraviolet for

photolyzation and longer wavelength energy for heating are supplied.

A schematic of this facility is shown in Figure 145.

Optical property measurements were made to determine solar trans-

mittance and reflectance of the film material. These tests were per-

formed to evaluate the solar absorptance of the material and its tem-

perature in a spatial orbit. Variations in amount of dye material

added to the film were evaluated. Typical test data are presented in

Figure 146. Complete details of all tests performed are given in

Reference 9.

Spectral transmittance measurements under geometrical conditions

approximating normal irradiation and viewing were made using a

Bausch and Lomb Model 505 spectrophotometer in the 0.200 to 0. 700

micron wavelength range and a Perkin-Elmer Model Z l spectropho-

tometer in the 0.700 to 15 micron range.

Both instruments are double-beam-ratio recording spectrophotome-

ters that automaticaiiy recorci the transmlttance ol a sample as a

function of wavelength. Spectral reflectance measurements in the

range from 0. 300 to 0. 700 microns were made using the integrated

sphere attachment on the Bausch and Lomb instrument. With this

attachment, the reflectance of a sample relative to a magnesium

carbonate reference is automatically recorded. The Perkin-Elmer

spectrophotometer, equipped with its specular reflectance attach-

ment, was used for reflectance measurements in the wavelength

range from 0. 700 to 15 microns. With this attachment, the reflect-

ance of a sample relative to vapor-deposited aluminum was recorded
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Figure 145 - Carbon-Arc Solar Radiation Simulator Test Apparatus

•-364-



SECTION ILl

Subsection Six - Material and Component Tests GER-1150Z

O
O

0

0

0

O

o

=L
E

!

"I-

I--

0
Z
uJ
..J

l&l

>

Figure 146 - Effect of Nigrosine E-8037 Dye on Ultraviolet and Visible

Transmittance of 0.7-Mil Photolyzable Film
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C,

d,

m

automatically. Further details of the test procedures and the test

results are given in Reference 9.

• Film-Cloth Composite

Film cloth composite strength and stiffness data were obtained at

room temperature and at Z00 F environments. The majority of the

tests were performed on the phosphor-bronze cloth material. When

the copper cloth film material became available at the latter stages

of the program a limited number of tests were conducted on this ma-

terial. The tests were all performed in the GAC Instron facility.

Table XXV shows the summary of tensile tests on film cloth material,

and Figure 147 gives stress versus strain curves for 1.6-mil phos-

.phor bronze wire and spreadcoat photolyzable film. The stress-

strain curves compare the stiffnesses of the film cloth composite,

the cloth alone, and the stiffness of an equivalent number of indi-

vidual wires. Complete data are given in Reference'9.

Seams

A large number of screening tests on seam materials were made for

this program. Reference 9 gives complete details. Most tests were

performed using the i. 6-rail phosphor bronze material. The follow-

ing parameters were investigated.

I. Seam width

Z. Tape on rough or smooth side of the film cloth

3. Tape on one or both sides of the material

4. Types of adhesive

5. Heat sealing

6. Film-coated cloth versus uncoated cloth

7. Strap materials and thicknesses

Tensile tests were performed at room temperature and ZOO F
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Figure 147 - Stress versus Strain, 1.6-Mi1 Phosphor-Bronze Wire, 24 Wires
per Inch - 0.7-Mil Spreadcoat Photolyzable Film at 72 F
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environments. During the latter part of the program the l.Z-mil

copper material became available,'and a limited number of seam

tests were performed using the lighter cloth.

The seam stiffness in the seam direction was also investigated.

Basic tensile stress-strain data were obtained for the seam area

material and compared with the unseamed basic material. Use of

seam materials of low stiffness helps to inhibit stiffness increases

in the seam area.

Typical results are given in Figure 148,which shows the effective

modulus of elasticity of spheres for I. 6-rail phosphor bronze cloth

at room temperature and Figure 149_which shows the effective modu-

lus of elasticity of spheres for I. 6-mil phosphor bronze cloth at

200 F.

Z. COMPONENT TESTS

a. Torus

(I) Purpose

Several tests were performed on two 5-ft-diameter torus models

for the determination of dimensional changes with respect to

pressure, and torus stability.

(Z) Test Specimens

(a) Model No. 1

Model No. 1 was a simple 5-ft-diameter torus (Figure 150)

fabricated from l-rnil Mylar.

(b) Model No. Z

Model No. Z was a 5-ft-diameter torus fabricated from l-

mil Mylar with a lens cap of 0.5-rnil Mylar and a rim fab-

ricated from 0.40-in. by 5-rail 302 stainless steel, half-

hard, as shown in Figure 151.
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Figure 150 - Torus Model No. 1
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Figure 151 - Torus Model No. Z
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(3) Test Setup

(a) Model No. 1

The first series of tests was conducted with the specimen

lying on a flat table. To obtain diameter changes of the

specimen during pressurization straight pins were cemented

to the torus. Deflection scales were then placed in back of

the pins and deflections measured with a level (Figures 152

and 153).

After completion of the first series of tests, a stiff ring of

3/4-in. plywood was cemented to the inside diameter of the

torus as shown in Figure 154

During the above tests pressure in the torus was measured

with a dial manometer.

(b) Model No. Z

Two series of tests were conducted with the second torus

IIIIIIIIIIIIIIIIIIII/

_ PIN INDICAT.OR

k I' DEFLECTION

III

Figure 15Z -Torus Model No. 1 - Schematic of Test Setup
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Figure 153 - Torus Model No. I - Test Setup
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60 IN.

_i[ 56 IN. , '

/////////////////////!

Figure 154 - Diagram of Torus Model No. 1 - Test Setup

model. During the first series of tests the model was lying

on a flat table {Figure 155). Another series was conducted

with the model hanging vertically {Figure 156) to check the

effects of gravity during the first tests.

Deflection instrumentation during both series of tests was

essentially the same and is shown in Figure 157.

A micromanometer was used to monitor pressure in the lens

and a dial manometer to monitor torus pressure.

For the tests, the torus pressure was set at a specified level,

the lens pressure was then increased incrementally at least

one or two increments past initial wrinkling of the torus. At

each level of torus pressure and lens pressure diametrical

change of the torus and height change of the lens were re-

corded.
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Figure 157 - Location of Deflection Points
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(4) Test Results

(a) Model No. 1

The diameter changes that were measured during the first

test of Model No. 1 are given in Table XXVI and plotted in

Figure 158. It was observed visually during this test that

the torus did not remain in a flat plane.

During the second test (with stiff ring installed) only visual

observations were made. A maximum pressure of 8-in. Hg

was obtained. No instability of the torus was observed.

(b) Model No. 2.

The deflection data obtained in the tests of Model No. 2.are

given in Tables XXVII and XXVIII, and plotted in Figures

159, 160, and 161. The _D shown is the average change in

diameter obtained from D i and D 2 (Figure 157). Theoreti-

cal curves as established in Item (5), following, are also

shown in Figures 159, 160, and 161 for convenience.

Note that the torus did not give any indications of buckling

during these tests. This would indicate that the size of the

torus could be decreased but that further study and testing

:- -_quir6d ....- I-...._ _:-_- "-I--'-

(5) Theoretical Analysis of Test Specimen

(a) Torus Stability

It had been assumed in the analysis that two criteria, wrin-

kling and buckling, must be considered in the design of the

torus. It was found as a result of the tests that the buckling

requirement is not necessary and that only the wrinkling

criteria must be observed.

The plots of lens pressure versus change in torus diameter

revealed, in all cases tested, only a progressively increasing
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TABLE XXVI - TORUS.DIAMETER

CHANGE - MODEL NO. 1

Pressure

(in. Hg) _ D (in.)

0.2

0.4

0.6

0,8

1.0

I 2

1 4

1 6

1 8

2 0

2 2

2 4

Z.6

2.8

3.0

3.2

3.4

3.6

3.8

4.0

3.0

Z.O

1.0

0.2

O. O0

O. 025

0.03

0.04

O. 045

O. 055

0.06

0.07

O. 075

O. 08

O. 085

0.09

O. 095

0. I0

O. I05

O. 105

0. II

0.12

0.12

0.13

0.11

O. 09

0.05

O.OZ

%
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Figure 158 - Pressure versus Diameter Change, Torus Model No. 1
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TABLE XXVII - RECORDED DEFLECTIONS OF MODEL NO. 2 ON

FLAT PLATE

Torus

pressure
(in. Hg)

0°6 O.

O.

o.

o.

O.

o.

o.

o.

1 O O.

O.

o.

O.

o.

O.

O.

o.

Lens pressure

(in. HzO)

015

029

049

075

I00

125

140

160

¢A19

040

O8O

120

160

200

240

260

u, uJu

0. 080

0. 130

0. 180

0. 230

0.280

0. 330

0. 380

0.430

H (in.)

22.46

22.54

22.60

22.70

22.80

22.86

23,88

22.96

2Z.44

22.54

22.70

_ 78

22.86

22 95

23.04

23. 14

ZZ.5J

22,66

33.78

23.86

22.90

22.96

23.03

23.10

23.20

_D (in.)

0.0

+0. 010

0.0

+0. 0075

0.0

-0.0025

-0.0225

-0. 040

O.o

+0.010

+0.175
+0.0225

+0. oi0

-o.oo5

-0.045

-0.125

o.o

+o,o15

o.0

+0.o15

-0.010

-0.,015

-o. 030

-0. 060

-0. 115

Torus

pressure
(in. Hg)

3.0

4.0

i
I

5.0

Lens pressure

(in. H20 )

0.030

0.120

0.210

0.300

0.380

0.450

0.520

0.58O

0.6_U

O.030

O. i60

, &'2U

O.420

O. 550

O. 680

0.810

H (in.)

22.

22.

22.

22.

23.

23.

23.

23.

22.

ZZ.

22.

23.

23.

23.

23.

O. 030

O. 190

O.350

0,510

O.680

O.780

O.880

0.980

22

22

22

23

23

23

23

23

_D (in.

55 0.0

71 +0. 005

84 +0. 005

94 -0. 030

O0 -0.40

O8 -0. 075

13 -0. 095

20 -o. 130

30 -o. 185

49 O. 0

74 +0.0i0

90 -0. 005

O0 -0. 030

11 -0. 070

Z0 -0. 115

32 -0. 180

.5O 0.0

.78 -0. 005

.91 -0. 025

.03 -0.065

. 13 -0. 105

.22 -0. 145

.28 '-0. 185

•39 -0. 230

_0_
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TABLE XXVIII - RECORDED DEFLECTIONS OF

MODEL NO. 2 HANGING VERTICALLY

Lens pressure

Torus pressure (in. HzO_ t
(in. Hg) H (in.) D (in.)

Z.0

4.0

%,

5.0

0.070

0. 140

0.Zl0

0. 280

0. 350

0. 420

0.490

0.070

0. 230

0. 390

0. 550

0.710

0.870

0. 030

0. 190

0. 350

0.510

0. 680

0. 780

0.880

0.980

I. 080

22.79

22.94

23.04

23. 14

Z3. 19

23.32

23.58

22.74

23.03

23. 14

23.23

23.37

23.62.

22.56

22.87

23.04

23.16

23.27

23.33

23.39

Z3.47

23.66

0.0

0.0

-0. 020

-0. 040

-0. 125

-0. 125

-0. 300

0.0

_0. 005

-0. 035

-0. 070

-0. I00

-0. 260

0.0

0.0

-0. OZO

-0. 055

-0. 090

-0. II0

-0. 145

-0. 190

-0. 300
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J

Figure 159 - Lens Pressure versus Torus Diameter, Model No. Z, Specimen
on £1at Table
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Figure 160 - Lens Pressure versus Torus Diameter, Model No. Z,

Hanging Ver ticall_
Specimen
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!

Figure 161 - Lens Pressure versus Torus Diameter, Model No. Z
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(b)

change in diameter with increasing pressure, even after the

wrinkling load was exceeded. In no instance was there ob-

served a tendency for the torus to buckle out of its plane.

Figure 162 defines the terms on which the analyses for wrin-

lding, buckling, and effect of lens pressure in the torus inner

diameter are based.

Wrinkling

pz=r 2 Z Clult(R +

PT

r) = pL R cot _(R + r) (Z17)

16 X 17
- cot

= 86.5 cot a (ZI8)

PL p

s 2

q = 2f COSa
S

= pLp COS a

= pE R COT a

R = pSlNa

_0 = R/SIN a

f

Figure 16Z - Torus-Lens Axial Section
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(c) Buckling

qult
1 12

1 1
(R + r) 3 E'I + G--_

1 ZEI 1

)3NY(R + r G'-'J

(ZI9)

E1 E I

GJ E 21

z(1 + _)

= 1 + _ ; I = _r3t (220)

qult

IZE_r3t

(5 + D)(R + r)3

IZ_ _"J_L_L

1.42 × !0-3Et

= O. 71 ib/in. (ZZl)

Values of PL versus values of PT for the conditions listed

below are giVen in Table XXlX and plotted in Figure 163 for

various values of the angle _.

R = 30in.

r = i. 875 in.

R
--= 16
r

E = O. 5 X 106 psi

t = 0.001 in.
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Figure 163 - Critical Pressure in the Lens versus Pressure in the

Torus for Various Lens Angles
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(d) Effect of Pressure in the Lens, PL' on the Torus Inner
Diameter

Hoop compression in the torus,

H = q(R + r)

= PLR(R + r) cot 0L (Z22)

Using Hooke's law with total stiffness EA in the torus equal

to the sum of the respective stiffnesses of the Mylar film

and the stainless steel rim (width b = 0.4 in. , and thickness

t' = 0. 005 in. ), the total shrinkage of the torus mean diame-

ter (midway between inner and outer equator) can be found

as follows:

1 HZy(R + r)AD =--
71 ZTrrtE M + bt' SS

1 R(R + r) 2 cot 0L
PL (223)

bt' E
7r rtEM +_ ss

The angle ff remains practically constant at all lens pres-

sures. The most representative value is 40 deg. Substi-

tuting numerical values for the letters in Equation ZZ3 above

yields,

1 30(31.875)Z(I. 1918)
AD =--

7/
1 875(0 001)(0.5) X 106 +

0. 4 X 0. OO5

• " Zy
\

36, 3Z6

= 937.5y + 30,000PL

X 30 ± I06PL

= 1. 10Z6PL in. (zz4)

(PL = psi)

-391 -



SECTION III

Subsection Six - Material and Component Tests GER- I 1502

b, •

m

For PL in inches of water the above equation becomes

1. 1026
_D -

27.7 PL

= 0. 04PL in. (ZZ5)

(PL = inches of water)

An upper limit in PL can be determined from considerations

of stability in the torus. For pressure in the torus lower

than 2.05 psi this limit value in PL is dictated by the torus

wrinkling criterion, which is

P

PL <- cot {I(R T h psi (ZZ6)

/kr

For PT -> Z. 05 psi however, and PL as given by Equation

2Z6, the torus will buckle because of insufficient bending

and torsional rigidity.

Figures 159, 160, and 161 show the theoretical line with the

limiting points for several torus pressures. In the same

figures test curves are given for various torus pressures.

The pressure in the lens in all cases has been increased

beyond the limit value. Tests were conducted with the torus

lying on a horizontal plane and suspended in a vertical posi-

tion. Agreement between the test results in the two posi-

tions of the torus and the theoretical values, AD = 0. 04 PL'

is generally good.

Rim Section

(i) Purpose

Tests were performed on a typical rim section for experimental
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(z)

(3)

determination of EI and GJ values for comparison with analytical

value s.

Test Specimen

A cross section of the rim section that was used for the tests is

Shown in Figure 164. The two halves of the rim were formed on

a brake and then spot welded together.

Test Setup and Procedure

(a) Bending Test

Bending tests were conducted with the rim section set up as

a cantilever beam as shown in Figure 165. The fixed end of

the rim section was held by encasing it in a block of cerro-

bend with a piece of string secured to the free end with tape.

Dead weights were then hung on the string in increments until

failure occurred. Deflection was measured by referencing a

point on the end of the specimen to a deflection scale.

T
1.25 IN.

,l 0.625 IN,

J J_

1.5-IN. RADIUS

RADIUS

0.0037biN. STA INLESS STEEL

Figure 164 - Rim Cross Section

-393-



SECTION III

Subsection Six - Material and Component Tests GEP.- 115 0?

i
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(b) Torsion Test

For the torsion tests the specimen was secured to the fix-

ture in the same manner as that used for the bending tests.

A pulley was secured to the outboard end of the specimen

(Figure 166). A fixed bolt in the bearing of the pulley held

the specimen in a plane while load was applied. Rotation

of the specimen was obtained from a protractor secured to

the pulley.

{4) Test Results

(a) Bending Test

Two bending tests were conducted. For the first the speci-

men was 50 in. long and for the second, 24-3/8 in._ long.

The def!ectien data obt__ined during the two tests are given

in Tables XXX and XXXI and plotted in Figure 167.

Specimen No. I failed prematurely (Figure 168). Examina-

tion of the specimen indicated that it had failed in an area

that had been damaged prior to the test. Because of this,

tests were conducted on a second specimen.

(b) Torsion Test

One torsion test was conducted. The data obtained during

this test are given in Table XXXII and plotted in Figure 169.

Figure 166 shows the failure of the specimen.

(5) Theoretical Analysis

(a) Bending and Collapse Bending of Rim Material

The rim material was tested in bending as a cantilevered

beam with a concentrated tip load {see Figure 170).

Because the one-quarter cross..section of the rim is unlikely

to consist of two equal circular arcs of equal radii (r 1 = r 2)

-395 -



SECTION III

Subsection Six - Material and Component Tests GER- 115 OF,
i

-396 -

Figure 166 - Rim Section Torsion Test Setup and Failure

/



SE C TION III

Subsection Six - Material and Component Tests GER- 11502

TABLE XXX - RIM SECTION BENDING TEST

SPECIMEN NO. i

Deflection (_)

Load (oz) (in.)

0.00

0.25

0.50

0.75

1.00

0.00

0.69

i. 42

2.28

Failed while

loadlng

/

/

J

50

in.

48 4
in.

I

i:'
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TABLE XXXI - RIM SECTION

BENDING TEST

SPECIMEN NO. 2

Load (oz)

0 00

0 25

0 50

0 75

1 00

1 25

1 50

I 75

2 00

2 25

2 50

2.75

3.00

3.25

3.50

3. s

4 O0

4 25

4 5O

4 75

5 O0

5 25

5 5O

5 75

Deflection (6)

(in.)

0.00

0.O6

0. II

0.16

0.21

0.26

0.31

0.36

0.42

0.48

0. 54

0. 58

0. 64

0.70

0. 77

0.84

0.91

O.98

1.06

I. 14

i.24

I. 39

I. 64

Failed while

loading

5
f

f
f

/
f

f

J

/
f

J

/

/

f

/,

/

./

I

24 _ in.

I

23 in.
i

P

I

t

Failure Point

/

6_- in.

P
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Figure 167- Load versus Deflection, Rim Section Bending Test
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i

-o

Figure 1.68 - Rim Section Bending Test, Specimen No.
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TABLE XXXII - RIM SECTION

TORSION TES T

Twist, 8

Load (Ib) (deg)

0.00

0,25

0.75

1.00

1.25

1.50

1.75

Z.00

2.Z5

2.50

2.75

o, oo

0.25

2.00

2.80

3 3O

3 8O

4 4O

5 00

5 8O

6 40

Failed

while

loading

1
_--23 zin. --

%

P

1 i---6in.

P
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Figure 169 - Torque versus Twist Angle, Rim Section Torsion Test
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MATERIAL" STAINLESS STEEL FOIL t = 0.003 IN.

" _ h/i

MEASURED DIMENSIONS

h = 1.25 IN.

5 = 0.2293 IN.

r2 = 0.625 IN.

r = 1.5 IN.
1

Figure 170 -One-Quarter Rim Cross Section for Bending Analysis

as was intended in manufacturing the rim, the determination

of the moment of inertia I of the cross section has been done
Z

demi-empirically as follows:

The deflection equation is

.c PL 3

u - • (zz7)

Using the initial straight portion of the curve (_ -p) from

Figure 167 the following relation between P and _ can be es-

tablished,

therefore,

O. 36 - O. 06

5
= T_6 ; (ZZ8)

the deflection equation becomes
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L 3

3. Z = _ (ZZ9)

from which

L 3
I=

3(3.2)E

3
(23)

9.6X 30X 106

12,167

28, 8 × I07

= 42.25 X 10 -6 in. 4

The measured dimensions h, b, rl, and r 2 given above are

geometrically incompatible 1_ tne arc of radii r 1 and r Z h_ve

to be tangent where they meet (inflection point). As shown

in Figure 170, a geometrical construction of the rim cross

section with the dimensions h, b, rl,and r 2 as measured

would be possible only if the two arcs were not tangent. On

this basis the moment of inertia I was calculated and

found to be 46.38 X 10 -6 in. 4 Z Z

, that is, about 10 percent

larger than the semi-empirical value 42. 25 × 10 -6 deter-

mined above. The calculations for the determination of the

= 46, 38 × 10 "6 in. 4
moment of inertia I z _ z , are given

below (see Figure 171}.

The angles 81 and 82 can be determined from equations,

h
r 1 sin {91 + r 2 sin {92 = (230)

and

b
rl(1 - cos @1)+ r2( - cos 8Z) = (z31)

or
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= 0.625 IN.

b/2 = o.1147 iN.

r = 1.500 IN.
1

h/2 = 0.625 IN.

Figure 171 - Geometric Construction of One-Quarter Rim Cross-Section
from Measured Dimensions

• + 0 625 sin 0Z = 0.6Z51 500 sin 8 i .

and

1.500 cos @l + 0.625 cos 8 Z = Z.0103

Squaring both equations and adding yields cos (02 - 81) =

0.95536 = cos 17 deg Ii rain. Then 02 = 81 + 17 deg Ii rain.

Substituting the 87_ value in the first of the initial equations,

and letting 1.4777/16.7768 = tan 02 = tan 5 deg 0Z min re-

sults in sin (81 + 02) = 5/16. 7768 cos 02 = 0. 29688 = sin 17

deg 16 rain, from which 01 = 17 deg 16 rain - 02 = IZ deg

14 rain; then 8z = 17 deg II rain + 12 deg 14 rnin = 29 deg

25 rain.

(b) Calculation of Moment of Inertia I
Z - Z

Figure 17Z shows the bending moment analysis elements.
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z

8
!

b_ -4

r I = 1.5 IN. r 2 = 0.625 IN.

t = 0.003 iN. 5 = 0.2293 IN.

01 = 12 DEG 14MIN 02 = 29 DEG 25MIN

Figure 172 - One-Quarter Rim Cross Section for Moment of Inertia Analysis

[0/01( /02II = 4 r cos _- r + r d_+
tz-z 1 1 1 rzZ(1 - cos _)zr z d_

(z3z)

3/ b sinOl vlI = 4tr13 b- b +_ O1 rlz-z " _- 4 +

3
4tr 2 ?-sin + sinZ021- 0z

For the values of r I, rz,

tion 233 becomes:

etc.

(233)

shown in Figure 172 Equa-
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I = 4(0. 003) 0. 229 0. 2293
z - z 9 1.5 + 1. (0. Z

q0. 2293 2) 0. 41416.]i-5 (0. 21189) + 4 +

1351) +

4(0. 003) .5 × 0. 51342 - 2(0.49116) + 0.8_567.

(0.012)(3.375)[(0.005842 - 0. 152867 + 1.5)(0.21351) - 1.847133 X

0.21189 + 0. 10354] + (0.012)(0.24414)(0.77013 - 0.98232 + 0.21392)

0.0405 × 0.0010Z + 0.00293 X 0.00173

6
41. 31 )< i0 -v + 5. 07 )< i0

46. 38 )< 10 -6 (234)

Considering this value as the theoretical moment of inertia

of the rim cross section, the tip load-to-tip deflection rela-

tion is

pL 3

'_ "r'_T

P(23) 3

3 X 30 X 106 X 46.38 X 10 -6

= 2.91P (P in Ib)

or

= 0. 182P (P in oz) (235)

The theoretical (P - _) line, based on Equation 235 is shown

in Figure 167 as a dotted straight line.
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(c) Collapse Bending Moment

The critical stress is calculated from Equation 40 of NACA

TN 3783 (August 1957),

_cr = 0.285Etr (236)

For E = 30 × 106, t = 0. 003 and r = I. 5 in. , Equation

236 yields

3 -3
_cr = 2.85 X 30 X 106 X I----_-_-__X10

= 17, 100 psi

The collapse moment can be calculated from the equation

_-6iv, i00 × 25 × i.
Mcoll'-C'r-- = 0. 1147

= 6. 30 in.-ib . (237)

Beam weight = 0. 11328 Ib per 50-in. length, or

23
W = m X 0.11328

50

= 0.052111b .

WL
M
w(max) 2

0.05211
- × 23

2

= 0. 600 in.-Ib . (238)

Critical tip load, P
cr'

P L + 0.600 = 6.30
cr

or
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6. 300 - 0.600
P - ib
cr 23

= 0. Z478 Ib

= 3.96 oz . (239)

According to the above calculations the anticipated critical

tip load, P , is the load that causes _,,e beam to collapse
cr

at its built-in point. The test, however, indicated that the

beam collapsed 6.25 in. away from the fixed point, which

is a repetition of a previously run bending test on a longer

beam (50 in.). The test with the longer beam was termi-

nated at an early stage because of permanent damage due

to mishandling the specimen.

From a local stability viewpoint the beam is improved in the

vicinity of the fixed end. This means that the collapse stress

at the fixity and over a certain distance from it, is higher

than 17, I00 psi. _u=• ,_,s explains the fact that the beam col-

lapsed at a point away from the fixed end.

According to the test,the load under which the beam collapsed

was the application of an increment tip load of 0.25 oz from

an existing tip load of 5.50 oz.

Let this collapse load be called 5.60 oz.

This tip load, and the beam's own weight produce a bending

moment at a point 6.25 in. away from the fixity equal to

M = 0. 11328 X 16.5 X 16. 5 __50 _ + )< 16. 5

= 0. 308 + 5. 775

= 6. 083 in.-lb .

This moment produces a maximum stress of
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6
m

6. 083 × 0. 1147

4Z. 25 X 10 -6

= 16. 510 psi ,

which is only

17, I00 - 16, 510

17, I00
X 100 = 3.5 percent

/

short of the theoretical critical stress d = 17, I00 psi.
cr

(d) Torsion and Collapse Torsion of Rim Material

Length of tested beam, L = Z3.5 in.

The theoretical torque-twist relationship will be established

by use of equations

TL

8 - GJ (g40)

and

4A Z

where the determination of A will be based on the cross-

- _ ........... ,----- -l^t:--^.1 ___ L-"4--,._ 171

i 12 1,z ,]_A = _r 1 01 -_r sin 81 cos 01 + r 1 sin 01 - rl(1 - cos 01 +

1 [r b )] 2202_r 2 sin 82 Z + _ - rl(l - cos O 1 - ir

1 Z 1 Z0Z 1 Z= _r 1 e I - _r z + _r 1 sin 01(2 - cos 01)+

bh brz

4 4 sin 02
i

+ _r 2 sin 02(r z - r I + r I cos 01) (z4z)
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or

A = 2r1201 - 2r2202 - 2r12 sin 01(2 - cos 01) +

b(h - r 2 sin 02) + Zr 2 sin 02(r 2 - r 1 + r 1 cos 01)

Substituting numerical values yields

A = 2(1.5)2(0.21351) - 2(0. 625)2(0. 51342) - 2(1.5)2(0.21189)(1.02271) +

0.2293(1.25 - 0.625 × 0.49116) +

2(0.625)(0.49116)(0.625 - 1.50 + 1.5 X 0.97729)

= 0.96080 - 0.40111 - 0.97516 + 0.21623 + 0.36279

9

= 0. 16355 in.-

f ds _ I Jdst t

_ 4 [0.625 X 0 51342 + 1 500 X 0.21351/_
0.0--_ L " " .#

= 854.87.

Then

4A 2
J =

4(0. 16355) 2

854.87

4
= O. 0001252 in.

-6. 4
= 125.2 X I0 in.

Therefore,

(243)

(244)

(245)
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@ = TL
GJ

T(Z3.5)
-6 (57.3)

Ii X 106 X IZ5.Z X I0

= 0. 976T (Z46)

where 8 = deg and T = in.-lb.

For long and slender tubes the critical stress is

F
S

0. 70E
(247)

regardless of the edge conditions, or

F
s

0.70 X 30 X 106

= 6640 psi .

Then

T = 2AF t
cr s

= Z X 0. 16355(6640)(0. 003)

= 6. 52 in.-ib . (Z48)

This value is about 40 percent larger than the test value of

4.64 in.-lb.

It should be noted that the theoretical value of the critical

shear stress was found from Donnell's equation for per-

fectly round tubes, whereas the tested specimen was far

from being a round tube. This, and some local defects in

the specimen,may be the sources of discrepancy between

theoretical and test values in the collapse torque.
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C, Lens - IZ-In. Diameter Diaphragm

(I) Purpose

Twelve-inch diaphragm tests were conducted on the lens material

(i. 6-rail phosphor-bronze cloth with 0.7-rail photolyzable film)

for determination of rigidization and buckling. In addition, stress-

strain properties of the material were also determined from these

tests.

(2) Test Specimen

Test specimens were made from 1.6-rail phosphor bronze cloth

with 0.7-mil photolyzable film. The specimens were cemented

between two stainless steel rings (Figure 173) to prevent slipping

during the tests.

{3) Test Setup and Procedure

The test specimens were installed on a pressure vessel as shown

in Figures 174 and 175. To obtain deflections of the specimen, a

V I I I I I,,1
\\\\\\\
///////
I\\\\\M

LENS MATERIAL

/
¢_'1" A I NI F='_o.,

STEEL RING

/
V//I//I

\\\ \ \  E,,,ENT
//////
k\\\\\ \1

Figure 173 - Diaphragm Test Specimen
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+_ :

I

!

Figure 175 - Twelve-Inch Diaphragm in Fixture
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(4)

straight pin was cemented to the center of the specimen (Fig-

ure 175). Movement of the tip of the pin was measured by a

cathetometer.

Pressure and vacuum in the pressure vessel were measured

with a micromanometer.

For conducting the tests, a reading on the pin was first obtained

with the diaphragm in a flat plane using a reference built into

the pressure vessel. Pressure in the vessel was then increased

incrementally until a dome was formed (the lens material rigid-

ized). On some specimens incremental pressurization was in-

creased until failure occurred. On others, after rigidization

occurred, a vacuum was applied to the vessel to obtain the buck-

ling pressure. After buckling was obtained,the next increment

of pressure was applied, followed by vacuum, etc. This was

continued until failure of the specimen occurred.

The tests were conducted at room temperature and at 200 F.

Test Results

The data obtained during the IZ-in. diaphragm tests are given

in Tables XXXIII through XLIV.

Yhe buckling p_=_o_o_- _..v_-_A for __p_m_ns__ 4. 5. 6. and 7 are

plotted in Figure 176 as a function of dome radius of curvature.

The theoretical curves as determined in Item (5), following, are

also included for convenience.

Stress-strain curves for specimens I, Z, 3, 9, 10, and II are

plotted in Figure 177.

It should be noted that at Z00 F, the domes formed were of very

poor quality.
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TABLE XXXIII - TWELVE-INCH DIAPHRAGM,

SPECIMEN NO. I, BELT SIDE IN

Pressure

(in. H20 )

0 (fiat) O. 0000

0 (G) 0. 2790

O. 5 O, 3855

0.0 0.2913

1.0 O. 4408

0. 0 0. 3054

I. 5 0. 4780

0.0 0.3116

2. 0 O. 5112

0.0 0.3184

2. 5 0. 5396

0.0 0. 3325

3.0 O. 5872

0.0 0.4132

3. 5 0. 6160

0.. 0 0. 4388

4. 0 0. _23

O, 0 O. 4763

4.5 0. 7022

0.0 0. 5375

5.0 0. 7549

O. 0 O. 6080

5.5 0. 8038

O.O 0.6691

6.0 O. 8670

O. 0 O. 7359

6. 5 O. @357
%%

0.0 0.8159

7.0 0. 9869

0.0 + 0. 8805

7. 5 1. 0594
A

0.0 ) 0. 9633

8.0 1. 1235

0.0 I. 0347

8.5 1.2133

0.O 1. 1316

Deflection, 8

(in.)

46. 6926

40. 8348

37. 6569

35.2113

33. 3580

30. b_qO

29. 2208

27. 5947

25. 6337

23. 8442

22. 3936

20. 7612

19. 2369

18. 2389

16.9891

16.0214

14. 8356

*Good dome formed exce

+Dome a little better.

_Dome further improved.

18/8 I _/2
(in.) I (in.)

O. 1927

O. 2204

O. 2390

0. 2556

0. 2698

U. Z_36

! O, 3080

O. 326"

0.3511

O. 3774

O. 4019

O. 4335

O. 4678

O. 4934

O. 5297

O. 5617

O. 6066

)t for a few spots.

R

I+2

46. 8853

41. 0552

37. 8959

35. 4669

33. 627_

30. 9476

29. 5288

-;7. 9208

25. 9848

24.2216

22. 7955

21. 1947

19. 7047

18. 7323

17. 5188

16. 5831

15. 4422

8 2

0.148610

0.194305

0.223704

0.261325

0.291168

0.3442!7

0.379456

0.425.195

0.493085

0.569874

0.646094

0.751689

0.875534

0.973972

1.122328

1.262252

1.472097

(82/72) (psi)

0.002064 0.01806

0.002699 0.03613

0.003107 0.05419

0.003629 0.07226

0.004044 0.090_2

n n0478! 0.10839

0.005270 0.12645

0.00_91o 0.14452

0.006848 0.16258

0.007915 0.18065

0.008974 0.19871

0.010440 u._,678

0.012160 0.23484

0.013527 0.25291

0.015588 0.27097

0.017531 0.28904

0.020446 0.307105

L

(PR/2)

0.4235

0.7417

1.0269

1.2811

1.5187

1.6772

1.8670

2.0175

2.1123

2.1878

2.2648

2.3138

2.3688

2.3735

2.3966

2.3712
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TABLE XXXIV - TWELVE-INCH DIAPHRAGM,

SPECIMEN NO. 2, BELT SIDE IN

_ressure_ Deflection. 8
[in

H20' (in.)

0 (flat) 0.0000

0 (G) 0. 1216

0. 5 0. 3073

0. 0 0. 1662

1.0 O. 3859

0.0 0. 2093

I. 5 0. 4297

O. 0 O. 2266

2.0 0. 4653

0.0 0. 2427

2. 5 O. 5051

0.0 0. 2752

3.0 0. 5396

o o 0.3145

3.5 0. 5860

O. 0 O. 3799

q. 0 0. 6333

0.0 0. 4509

4. 5 O. 695i

0.0 0. 5349

5.0 O. 7645

0.0 0. 6267

5. 5 0. 8298

0.0 + 0. 7038

6.0 0. 8858

0.0 0. 7776

6.5 O. 9606

O. 0 $ 0. 8634

7.0 1. 0290

O. 0 O. 9420

7. 5 1. 0986

0.0 1.0159

8.0 1. 1740

O. 0 1. 1008

8.5 1. 2663

0.0 1.1912

9.0 1. 3274

0.0 1. 2567

9. 5 1.4001

0.0 I. 3356

I0.0 I. 4784

0.0 I. 4097

Fair dome formed.

+A little better.

SGood dome.

18/8
(in.)

58.5747

46.6442

41.8897

38.6847

35.6365

33.3580

30.7167

28r4225

23.5448

21.6920

20.3206

18.7383

17.4927

16.3845

15.3322

14.2146

13.5b03

12.8562

12.1753

a/2 R
(in.) 1 + 2

0.1.536 58[7283

0.1929 46.8371

0.2148 42.1045

0.2326 38.9173

0.2525 35.8890

0.2698 33.6278

0.2930 31.00_¢

"0.316_ 28.7391

0._475 26,2431

0.3822 23.9270

0.4149 22,1069

0.4429 20.7635

0.4803 19.2186

0.5145 18.0072

0.5493 16.9338

0.5870 15.9192

0.6331 14.8477

0.6637 14.2240

0.7000 13.5562

0.7392 12.9145

62 t1_2/72)

0.094433 0.0013}6

0.148919 0.002068

0.184642 0.002564

0.216504 0.003007

0.255126 0.003543

0.291168 0.004044

0.343396 0.004769

0.401069 0.005570

0.483164 0.006711

0.584460 0.008118

0.688568 0.009563

0.784642 0.010898

0.922752 0.012816

1.058841 0.014706

1.206922 0.016763

1.378276 0.019143

1.603516 0.022271

1.761991 0.024472

1.960280 0.027226

2.185667 0.030356

P

(psi)

0.01806

0.03613

0.05419

0.07226

0.09032

0.10839

o:1264_

0.14452

0.16258

0=18065

0.19871

0.21678

0.23484

0.25291

0.27097

0.28904

0.30710

0.32517

0.34323

0.36130

L

(PR/2)

0.5303

0.8461

1.1408

1.4061

1.6207

1.8224

1.9606

2.0767

2.1333

2.1612

2.1964

2.2505

2.2566

2.2771

2.2943

2.3006

2. 2799

2, 3126

2. 3264

2.3330

-418-



SECTION 111

Subsection Six - Material and Component Tests GER- I1502

TABLE XXXV - TWELVE-INCH DIAPHRAGM,

SPECIMEN NO. 3, BELT SIDE IN

Pres$ure

(in. H20 )

0 (flat) 0. 0000

0 (G) 0. 1793

0.5 0. 3342

O. 0 O. 2227

I. 0 O. 4009

0.0 0.2491

i. 5 O. 4527

O. 0 O. 2698

2.0 0.4818

O. 0 O. 2883

2. 5 O. 5213

O. 00. 3299

3.0 O. 5604

0.0 0.37i3

3.5 O. 6098

O. 0 O. 4378

4, 0 O. 6586

O. 0 O. 4977

4. 5 O. 7084

O. 0 O. 5561

5.0 0.7715

O. 0 O. 6358

5. 5 O• 8275

O. 0 O. 7064

6.0 0. 8997

O. 0 + O. 7915

6.5 O. 9702
.ab

O. 0 _ O. 8617

7.0 1. 0438

O. 0 O. 9489

7.5 I. 1237

O. 0 1. 0402

8.0 1. 1970

O. 0 1. 1200

8. 5 1. 2732

O. 0 1. 1964

9.0 1. 3440

O. 0 1. 2703

9.5 1. 4313

O. 0 1. 3683

*Fair dora formed•

+Better.

SGood.

53. 8600

44. 899 0

39.7614

37. 3599

34. 5291

32.1199

29. 5179

27. 3307

2-5. 4094

23.3312

2 1. 7523

20. 0067

18. 5529

! 7. 2447

16.0185

15.0376

14. 1376

13. 3928

12. 5760

i
Deflection, _ 18/_ l 8/2

(in.) (in.) (in.)

O. 1671

O. 2004

O. 2263

O. 2409

0. 2606

0,2802

O. 3049

O. 3293

O. 3542

O. 3857

0.4137

O. 4498

0.4851

O. 5219

O. 5618

O. 5985

O. 6366

O. 6720

0.7156

R

1+2

54.0271

45.0994

39.9877

37.6008

34.7897

32.4001

29.8228

27,6600

25.7636

23.7169

22.1660

20.4565

19.0380

17.7666

16.5803

15.6361

14.7742

14.0648

13.2916

t

az (az/TZ)

0.111690 0.001551

0.160721 0.002232

0.204937 0.002846

0.232131 0.003224

0.271754 0.003774

0.314048 0.004362

0.371856 0.005165

0.433754 0.006024

0.501831 0.00A970

0.595212 0.008267

0.684756 0.009511

0.809460 0.011242

0.941z88 U.UI3U¢3

1.089518 0.015132

1.262702 0.017538

1.432809 0.019900

1.621038 0.022514

1.806336 0.025088

2.048620 0.028453

P

(psi)

0.01806

0.03613

0.05419

0.07226

0.09032

0.10839

0.12645

0.14452

0.16Z58

0.18065

0.19871

0.21678

o._o_

0.25291

0.27097

0.28904

0.30710;

0.32517

0.34323

L

(Pa/2)

O. 4879

0.8147

1.0834

1.3585

1.5711

1.7559

1.8855

1.9987

2.0943

2.1422

2.2023

2.2172

g.g354

2.2467

2.2463

2.2597

2.2686

2.2867

2.2810
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TABLE XXXVI - TWELVE-INCH DIAPHRAGM,

SPECIMEN NO. 4, BELT SIDE IN

Pressure

(in, H20 )

0.0

1.0

0.0

3.0

0,0

4.0

0.0

5.0

0.0

6.0

0.0

6.5

0.0

0 OO8

7.0

0.0

0 l 026*

7.5

0.0

0.011

0.0

0. 020*

8.5

0.0

O. 012"

9.0

0.0

0.011

h

Deflection,

(in,)

0.0000

0.4205

0.2315

0.5091

18/a
(in.)

0.6063

0.4888

0.7366

0.6149

0.8555

u.70_8

0.9504

1.0173

1.0698

1.0129

1.1439

1.0913

1.2329

1.2309

1.3213

1.2593

Vacuum buckling occurred.

42.8062

35.3565

29.6883

24.4366

21.0403

18.9394

17.6939

16,8256

! 5.7_6

14. 5997

13.6229

8/2 R
(in_ i + Z

0.2102 43.0164

0.2545 35.6110

0.3031 29.9914

0.3683 24.8049

0.4277 21.4680

0.4752 19.4146

0,5086 18.2026

0.5349 17.3605

0.5719 16.3075

0.6164 15.2161

0.6606 14.2835

82

0.176820

0.259183

0.367600

0.542580

0.731880

0.903260

1.03490

1.14447

1.30851

1.52004

1.74583

(82/72)

0.002456

0.0O360O

0.005106

0.007536

0.010165

0. 012545

0.015895

0.018174

0.021112

0.024248

P

(psi)

0.07226

0.10839

0.14452

0.18065

0.21678

0.23484

0.25291

O. 27097

0.28904

0.30710

0.32517

L

(PR/2)

1.5542

1.9299

2.1672

Z. 2405

2.3269

2.279?

2.3018

2.3521

2.3568

2.3364

2. 3223

-420 -



SECTION III
Subsection Six - Material and Component Tests GER- 11502

TABLE XXXVII - TWELVE-INCH DIAPHRAGM,

SPECIMEN NO. 5, BELT SIDE OUT

Pressure

(in. H20)
Deflection, _ 18/6 a/2 R

{in. ) (in.) (in.) l ÷ 2

O. 0 O. 0000

4.0 O. 5640

0.0 0.4198

5.0 O. 6939

O. 0 O. 5463

5.5 O. 7401

O. 0 O, 5927

6.0 0.817@

O. 0 O. 6931

6.5 0.8791

0.0 0.7681

0. 0205*

7.0 O. 9608

O. 0 O. 8555

U, UI_

7.5 1.0511

0.0 0. 9578

O. 0005*

8.0 I. 1147

0.0 I. 0403

0.013

8.5 1. 2223

0.0 1. 1866

O. 024

9.0 1. 2906

0.0 1. 2598

0.018

9.5 1. 3889

O. 0 1. 3563

0. 015"

I0.0 I. 4531

0.0 1.411]/

O. 022*

10.5 I. 499 l

O. 0 1. 4723

O. 037*

I I. 0 1. 6465

0.0 1.6161

O. 024

I I, 5 I. 7258

O. 0 1. 6856

O. 014

*Vacuum buckling occurred.

31.9148 0.2820 32.1968

25.9403

24.3210

22.0103

20.4755

18.7344

17.1249

16:1478

14.7263

13.9470

12.9599

12,3873

12.0072

10.9323

10.4299

0.3469

0.3700

0.4089

0.4395

0.4804

O. 5255

O. 5573

0.6111

O. 6453

0.6944

0. 7265

O. 7495

0,8232

0.8629

26. 2872

24. 6910

22. 4192

20.9150

19.2148

17.6504

_6 705i

15.3374

14. 5923

1'3.6543

13.1138

12.7567

11.7555

11.2928

t

_2 (82/72)

0.318096 0.004418

0.481497 0.006687

0.547748 0.007608

0.668797 0.009289

0.772817 0.010734

0.923137 0.012821

1.104811 0.015345

, i.242556 0.017258

1.494017 0.020750

1.665648 0.023134

1.929043 0.026792

2.111500 0.029326

2.247301 0.031213

2.710962 0.0376.52

2.978386 0.041367

P L

(p,i) (pa/z)

0.14452 2.3267

0.18065 2.3749

0.19871 2.4532

0.21678 2.4300

0.23484 2.4558

0 25291 2.4298

0.27097 2.3914

0.28904 2.4142

0.30710 2.3551

0.32517 2.3725

0.34323 2.3433

0.36130 2.3690

0.37936 2.4197

0.39743 2.3360

0.41548 2.3460
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TABLE XXXVIII - TWELVE-INCH DIAPHRAGM, SPECIMEN NO. 6,

BELT SIDE OUT

Pressure

H20_, Deflection, 8 18/_(in.
{in. ) (in.)

0.0

4.0

0.0

5.0

0.0

5.5

0.0

O. 022"

6.0

0.0

O. 016"

6.5

0.0

O. 0275

7.0

0.0

0.031 ,

7.5

0.0

*
O. 022

8.0

0 0

0 020

8 5

2 0

0 022

9 0

0.0

0 026 _

9 5

0 0

0 023

I0 0

0 0

g_
0 008

10 5

0 0

0.012

Vacuum.

0.0000

0.6344

0.5164

0.7243

0.6271

0.7967

0.7071

0.8755

0.8015

0.9374

1.0054

0.9636

I.I061

1.0488

1.2459

I.Z£Z3

1. 3323

1. 2976

1.3849

1.3517

1.4790

1.4454

1.5532

1.5154

28.3733

24.8516

22.5932

20.5597

19.2020

17.9033

16,2734

15.3466

14.4474

13.5105

12.9973

12. 1704

11.5889

m

a/2 R
(in.) I + 2

0.3!72 28.6905

0.3621 25.2137

0.3483 22.9415

0.4377 20.9974

_ 4887 !9.6707

0.5027 18.4060

..... I

u._Ju i i6.8264

0.5864 15.9330

0.6229 15.0703

0.6661 14.1766

0.6924 13.6897

0.7395 12.9099

0.7766 12.3655

f

82 (82/72)

0,402463 0.005590

0.524610 0.007286

0,634731 0.008816

0.766500 0.010646

0.878719 0.012204

1.010829 0.01'4039

I.Z23457 0.016992

1.375694 0.019107

1.552267 0.021559

1.775023 0.024653

1.917948 0.026638

2.187441 0.030381

2.412430 D.033506

P L

(psi) (PR/2)

0.14452

0.18065

0,19871

0.21678

0.23484

0.25291

0.27097

0.28904

0.30710

0.32517

0.34323

0.36130

0. 37936

2.0732

2.2774

2.2794

2. 2759

2.3097

2. 3275

2.2797

2.3026

2.3140

2.3049

2.3494

2.3322

2. 3455
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TABLE XXXIX - TWELVE-INCH DIAPHRAGM,

SPECIIVIEN NO. 7, BELT SIDE IN

Pressure_ Deflection,
(in.

H2OI (in.)

0.0 0,0000

4.0 O. 6346

O. 0 O. 5294

5.0 0. 7537

0.0 0. 6700

6.0 O. 8935

0.0 0. 8307

0. 015"

6.5 0. 9683

0.0 O. 9243

O. 018"

7.0 1.0510

0.0 1.0015

O. 017"

7.5 ' '_"_

0.0 1. 0847

0.012

8.0 1. 1955

O. 0 1. 1624.

O. 018"

8.5 1. 2861

O. 0 1. 2499

0. 024

9.0 1. 3596

0.0 1. 3334

0. 024*

9. 5 1. 4610

u.U 1.4Z_1

O. 021

10.0 1. 5093

O. 0 l. 4908

O. 0245*

I0. 5 I. 5774

O. 0 1. 5752

O. 030*

11.0 1. 6775

0.0 1. 6671

O. 0345*

11.5 1. 7460

0.0 1.7533

O. 044*

12.0 1. 8220

O. 0 1. 8263

O. 031"

"Vacuum,

i

18/a a/z
(in,) (in.)

28.3643 0.3173

23.882 0,3768

20.1455 0.4467

18.5893 0.4841

17.1265 0.5255

15.9830 6,565i

15.0565 0.5977

13.9958 0.6430

13,2392 0.6798

12.3203 0.7305

11.9261 0.7546

ll,4112 0.7887

10.7303 0.8387

10.3093 0.8730

9.8793 {0.9110

R
1+2

28. 6816

24. 2590

20. 5922

19.0734

17.6520 {

£
&2 (_2/72)

0.40272 0.005593

0.56806 0.007890

0.79834 0.011088

0.93760 0,013022

1,10460 0.015342

A6._oi l,_oOJ3

15.6542 1.42922

14.6388 1.65405

13.9190 1.84851

13.0508 2.13452

12.6807 2.27799

12.1999 2.48819

11.5690 2.81401

11.1823 3.04852

10.7903 3.31968

I

0.017616

0.019850

0.022973

0.025674

0.29646

0.031639

0.034558

0.039084

0.042341

0.046107

P

(psi)

0.14452

0.18065

0.21678

0.23484

0.25291

0. 27097

0.28904

0.30710

0.32517

0.34323

;0. 36130
i

0. 37936

. 39743

L

(PR/2)

2. 0725

2. 1912

2,2320

2. 2396

Z. 2322

2.2417

2.2623

2.2478

2.2630

2.2397

2.2908

2. 3141

2.2989

2.3230

2.3391
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TABLE XL - TWELVE-INCH DIAPHRAGM, SPECIMEN NO. 8

AT ZOO F, BELT SIDE OUT

Pressure

{in. H20 )

0.0

0.5

0.0

1.0

0.0

1.5

0.0

Z.O

0.0

2.5

0.0

2.0

0.0

3.5

0.0

4.0

0.0

4.5

0.0

5.0

0.0

5.5

0.0

6.0

0.0

6.5

0.0

7.0

0.0

7.5

0.0

8.0

0.0

8.5

Deflection, 8

(in.)

0. 0000

0. 2525

0. 0037

0. 3348

0. 0056

0. 3823

0. 0054

0.4216

O. 0037

0. 4746

0. 0043

O. 5074

0. 0090

O. 5530

O. 0081

O. 5998

0.0115

0.6518

0. 0084

0. 7144

0. 0125

o 7ARR

0. 0139

0. 8379

0. 0136

0. 8959

0. 7560

0. 9730

0. 8310

i. 0386

0. 9203

I. i181

0. 9852

Failure

18/a

71.2871

53.7634

47.0834

42.6945

37.9267

35.4",'50

=_ 5497Jz..

30.0100

27.6158

25. 1960

a/z

0.1262

O. 1674

O. 1911

0.2108

0. 2373

R

I+2 _2

0, 2537

£.lO_

0.2999

0.3259

0.3572

71. 4133

53.9308

47. 2745

42.9053

38.1640

0.063756

0.112091

0.146153

0.177746

0.000886

0.00155.7

0.002030

0.00Z469

21.4823

20. 0915

18.4995

17.3310

16. 0987

0.4189

0.4479

0.4865

0.5193

0.5590

32.8262

30.3099

27.9417

25.5532

21.9012

Z0. 5394

18. 9860

17.8503

16.6577

0.225245

O. Z5 /455

0.305809

0.3597b0

0.424843

0.510367

0.702076

0.802637

0.946729

1.078690

1.250148

O. 003128

0. 003576

0.004247

0.004997

0.005901

0.007088

v. vuo_V7

0.009751

0.011148

0.013149

0.014982

0.017363

P

(psi)

0.01806

0.03613

0:05419

0.07226

0.09032

O. 10839

0. 12645

0.14452

0. 16258

0. 18065

0.19871

0.21678

0.23484.

0.25291

0.27097

0.28904

I L

(PR/2}

0.6450

0.9742

1.2809

1.5501

1.7235

1.9363

2.0754

2.1902

2.2714

2.3081

2.3644

2. 3738

2.4117

2.4009

2. 4184

2. 4073
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TABLE XLI - TWELVE-INCH DIAPHRAGM, SPECIMEN NO. 9

AT 200 F, BELT SIDE IN

Pressure

(in.

0.

5

0.

6

0

6

0.

7.

0.

7.

0.

8.

0.

H20)

0.0

0.5 O.

0.0 O.

1.0 0.

0.0 0.

1.5 O.

0.0 O.

2.0 O.

0.0 O.

2.5 O.

0.0 0.

3.0 0.

0.0 0.

3.5 0.

0.0 0.

4.0 O_

0.0 O.

4.5 O.

0.0 O.

5.0 O.

0 O.

.5 O.

0 O.

.0 O.

.0 O.

.5 O.

0 O.

0 1.

0 O.

5 1

0 1

0 1

0 1

Deflection,

(in.)

3141

2234

3643

2502

4044

2632

4448

2822

4737

3065

5121

3441

5528

3845

6080

4591

6726

5340

7276

6135

8090

7183

8716

7948

9599

8954

0213

9632

.0901

.0321

.1864

.1329

18/a

57.3066

49. 4098

44.5104

40. 467 6

37.9987

35o1494

32.5o15

29.6053

26.7618

24.7389

22.2497

20.6517

18.7520

17.6246

16.5122

15. 1719

a/2

O. 1570

O. 1821

0.2022

0.2224

O. 2368

0.2560

0.2764

O. 3040

0. 3363

O. 3638

O. 4045

0.4358

0.4800

0.5106

0.5450

0.5932

R

1+2

57.4636

49.5919

44.7126

40. 6900

38.2355

35.4054

32. 8379

29. 9093

27. 0981

25.1027

22.6542

21.0875

19. 2320

18.1362

17.0572

15. 7651

82

0.098659

0.132714

0.163539

O. 197847

O. 224392

0.262246

0.305588

0.369664

0.452391

0.529402

0.654481

0.759687

0.921408

1.043054

1.188318

1.407545

2 £
a /72

0.001370

0.001843

0.002271

0.002748

0.003117

0.003642

0.004244

0.005134

0.006283

0.007353

0.009090

1.055120

1.279733

1.448686

1.650442

1.954924

P L

(psi) ( PR/2 )

0.01806 0.5189

0.03613 0.8959

0.05419 1.2115

0.07220 1.4701

0.09032 1.72(,7

0.10839 1.9188

0.12645 2.0761

0.14452 2 lb12

0.16258 2 2028

0.18065 2 2674

0.19871 2 2508

0.216"78 2 2857

0.23484 2 2582

0.25291 2.2932

0.27097 2.3109

0.28904 2.2783
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TABLE XLII - TWELVE-INCH DIAPHRAGM, SPECIMEN NO. 10

AT ZOO F, BELT SIDE IN

Pressure

(in. H20 )

0. 0 (flat)

1.0

0.0

2.0

0.0

3.0

0.0

4.0

0.0

-0. 005

5.0

n n

-0. 007

6.0

0.0

-0. 0015

7.0

0.0

-0. 007

8.0

0,0

-0. 006

9.0

0.0

-0. 007

10.0

0.0

-0. 003

Deflection, 8

(in.)

0.0

0. 3212

0. 1261

0. 4048

0. 2767

0. 4975

0. 4031

0. 6057

0. 5003

Buckle

0 7431

O. A_7

Buckle

0, 9104

0. 8964

Buckle

1. 0748

I. 0673

Buckle

i. 247 l

I. 2443

Buckle

i. 4285

i. 4431

Buckle

I. 5822

I. 6240

Buckle

_8/a

=L 0399Ju.

44.6640

36.1809

29.7177

24.2229

19.7715

16.7473

14.4335

12.6006

11.3766

a/2

o. 1606

0.2024

0.2487

0.3029

0.3765

0.4552

0. 5374

0.6235

0.7142

0.7911

R

I+2

56.2005

44.8664

36.4296

30.0206

24. 5994

I 20. 2267

I
17. 2847

15.0570

13.3148

12. 1677

_2

0. i03169

0. 163863

0.247506

0.366872

0.552198

0.828828

1. 155195

1.555258

2.040612

2.503357

£

a2/72

0.001432

0.002276

0.003438

0.005095

0.007669

0.011512

0.016044

0.021601

0.028341

0.034769

P

(psi)

0. 03613

0.07226

0.10839

0.14452

0. 18065

0.21678

0. 25291

0.28904

0.32517

0.36130

L

(PR/2 )

i.0152

1.6210

1.9743

2.1692

2. 2219

I 2. 1923

1
2. 1857

2.1760

2.1647

2.1980
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,A, SPECIMEN NO. 6
O SPECIMEN NO. 7

TU_ T.... ,,.ORE,ICAL, Ew '_

.... THEORETICAL, Ew -

Iog-K.,-, o\
o o _v,,,.q)'_

,, 16> ...,
A <> _"

[3

I0 14 18 22

DOME RADIUS OF CURVATURE R

26

Figure 176 - Diaphragm Collapse Pressure versus Radius of Curvature of
Diaphragm
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Figure 177 - Load versus Strain, IZ-In. Diaphragm Test
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(5) Theoretical Analysis

(a) Lens Material

The important characteristics of the lens material insofar

as rigidization is concerned are the yield stress and the

initial modulus of elasticity. These are given in Table XLV.

It is apparent that:

I. Weaving the cloth does not affect the

yield strength but does reduce the

modulus

2. A temperature of Z00 F reduces both

yield stress and modulus

3. The addition of 0.7 rail of photolyzable

film has little effect on the properties

4. The diaphragm test shows a reduction

of both propertics compared to the

Instron tests. Inasmuch as the stress

and strain are both derived from pres-

sure and deflection data, it is recom-

mended that the Instron values be used

for determining =t.=os-sti-aln -_ ....

teristics

(b) Critical Buckling Pressure

The critical buckling pressure was obtained by pressurizing

a flat diaphragm to form a shallow dome, then reversing the

pressure to obtain the buckling pressure. By using succes-

sively higher pressures, several domes could be formed

with increasingly smaller curvature.

This method has two features that tend to give low values of

buckling pressure. The first is that at low pressures the

. -431 -
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TABLE XLV - LENS MATERIAL DATA,

PHOSPHOR BRONZE WIRE

i. 6-MIL

Test Temperature 0- 3 0-6
material (F) FTy X 1 E X 1

Wire

Cloth warp

Cloth fill

Cloth warp

Cloth fill

Wire film

Wire warp

Wire fill

Room

Room

Room

200

Z00

Room

Room

ROo i-i_

48.2

48.2

47.0

40. 5

4O. 9

51.1

46. 5

43. 8

15.6

13.2

12.2

9.5

9.2

13.8

11.9

I0.0

domes that are formed have visual imperfections. The sec-

ond is that at higher pressures restoring moments become

large due to the clamped edges.

It is concluded therefore that the design criteria for buck-

ling that have been used in the structural analysis are sat-

isfactory.

The critical buckling pressure of a spherical dome is given

by equation

where

d 3

Pcr = 0. 191Ews--R-,/R , (249)

E = modulus of elasticity of phosphor
W

bronze wires = 16 X 106

d = wire diameter = 1.6 mil
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s = wire spacing = 1/24 in. =

in.

R = radius of dome (variable).

O. 04167

Then

Pcr = 0. 191 × 16 × 106 (0"0016)

3

0. 191 X 16 × Z4 × 4096 × 10 -6

R 3

0. 3004

R 2
psi (R = inches).

The radius of curvature of the spherical zone of the dome

(see Figure i78) can be found from the equation,

k_

k_

kl

k_

kl

k_

k_

kl

k_

._------a----_

\\\\\\\\\

k%

k_

k_

k_

k_

k_

k_

k_

x_

Figure 178 - Twelve-lnch Diaphragm Attached at End of Rigid Cylinder
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,

2
a = 8(2R - 8)

or

2 82a +
R - (250)

28

for

a = 6 in., and

18 _.
R. = _+ in.

where _ is measured in inches.

Theoretical curves for E = 16 X 10 6 psi and E = 10 ×
w w

In 6 ,_ _-_ .__l,_,_a in Figure 17_, to ether ,_,_ _ points

for four tested specimens (designated as specimens 4, 5, 6,

and 7). Comparison between theory and tests is fairly good,

especially for the low modubas value.

LENS SPHERICITY

a. Purpose

Tests were cnndlloted nn _ ._r_fnnf-tq_mmef_- r]{_r_h_-acrm f,_ r_hf_n
O .........

preliminary information with regard to determination of sphericity

versus pressure, rigidization, and buckling. The results of the

tests were to be used also for planning additional elevated tempera-

ture tests.

b. Test Specimen

The test specimen was a diaphragm, six feet in diameter, fabricated

from 1.2-mil copper cloth, 21 X 21 weave, with 0.6-rail photolyzable

film. The diaphragm was made with 24 gores as shown in Figure 179.

Seams were butt joints secured with l-mil X l-in. wide Mylar tape.

Selection of specimen size was based on data of Appendix I.
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-' G FT

/

LENS MATERIAL TAPED AND

CEMENTED TO PRESSURE VESSEL

APPROXIMATELY i4.94 FT R

MICROMANOMETER I I
P R ESSU R E

6® 5 _ 4
7(_ a _'_ _ DEFLECTION

U-
12 (9

Figure 179 - Lens Sphericity Test Setup
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C,

m

d,

Test Setup and Procedure

The test specimen was cemented and taped to a pressure vessel as

shown in Figures 179 and 180. Pins, used as deflection indicators,

were cemented to the diaphragm with contact cement at the locations

shown in Figure 179. Deflections were obtained by sighting the tip

of the pin with transits, with reference to fixed deflection scales.

Zero deflection readings were obtained and recorded with no pres-

sure on the diaphragm. The pressure vessel was then pressurized

in increments of 0.04-in. water. At each increment of load, deflec-

tion readings were recorded and the pressure then returned to zero,

deflections again recorded and a visual inspection of the diaphragm

was made. Pressurization was continued in this manner until fail-

ure of the diaphragm occurred.

Test Results

The data obtained during the test are listed in Table XLVI. Figures

180 through 183 show the appearance of the diaphragm under pres-

sure and at zero return. During the test there was no visible indi-

cation of diaphragm rigidization.

This test pointed out several problem areas, as follows:

i. A -_-.cre zcc ,,_=+= rnethoH _f t_hfa_nin_ deflec-

tions is required.

Z. It appeared that scalloping of the diaphragm

occurred nearer the outside edges; therefore,

deflections should be obtained along an arc

27 in. from the center as well as the quarter

point.

3. Softer and narrower seams are required.

4. Care must be used in seaming the center cap

to eliminate double and triple seams in that

area.
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• - ei(ti

_i _

:I

Figure 180 - Large Diaphragm, 0.36-In. HzO Pressure
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Figure 181 - Large •Diaphragm, Zero Return after 0.36-In. HzO Pressure
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Figure 182 - Large Diaphragm, 0.40-In. H20 Pressure
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Figure 183.- Large Diaphragm, Zero Return After 0.40-In. HzO Pressure
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SECTION III - TECHNICAL DISCUSSION - PHASES I AND II

Subsection Seven - Instrumentation and Control Parameters

o GENERAL

'The instrumentation and control systems considered herein include both

those for the full-scale satellite and the 50-ft flight-test vehicle.

Because the two satellites have differences in their systems it will be

necessary, when applicable, to indicate which satellite the system is

used on.

The instrumentation and systems include the command and sequence con-

trol system, the inflation and rigidization system, data acquisition and

sensors, storage and transmission, power regulation and some of the

necessary electronics. For block diagrams of the respective systems

see Figures 184 and 185. Power requirements, sizes, and weights of

instrumentation system components of the two systems are given in Ta-

bles XLVII and XLVIII.

SEQUENCE CONTROL SYSTEM

a. Canister Pressure Equalization

Immediately prior to sequence control in both satellites there is a

function that must occur sometime after the vehicle has obtained an

altitude of I00,000 ft or greater. The precise time is not critical.

This function is the canister pressure equalization. Prior to launch

the canister will be pumped down to a pressure as closely oriented

with the orbital environment as possible.

In the 50-ft test vehicle this function can be commanded to start with

deployment of the heat shield of the launch vehicle.
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Depending on the launch vehicle, the full-scale orbital satellite will

have to have a time control of so many minutes from launch or a se-

quencing similarto that for the 50-ft model to command this function.

This pressure equalization will result from opening a squib-actuated

valve in the canister wall. Escaping air will flow into a diffusion

mechanism to eliminate any thrust effect on the satellite. Equaliza-

tion of the canister pressure will continue to occur until canister

separation.

b. Canister Separation from Launch Vehicle

The sequence of events and controls described in this item and Items

c and d below applies to the 50-ft test vehicle only.

Upon command from the control system (see Item 5, a_J the sequence

timer will .... to ....................L,=S_, : .... ,_,,_ T_,_ _rt will be identified as time zero

for the remaining functions. At the same time the canister will be

separated from the launch vehicle by means of explosive squibs and

a spring mechanism. Upon separation a switch-closure type mecha-

nism will send a signal to the signal conditioning and commutator

electronics for storage in the tape recorder.

c. Canister Despin

At _irn_ 0 + 15 sec *_-- _-- -,,_,-_,_i_m will be released. This

mechanism is comprised of a series of weights and straps attached

to the canister. The weights are spring loaded and attached by ex-

plosive bolts. The release system will fire the bolts and allow the

system to function. When the entire system is free of the canister

a switch-closure type signal will be sent to the commutator for stor-

age.

d. Canister Separation

At time 0 + 30 sec the sequence timer will signal for the canister

halves to be separatedby squib operated shaped charges. After the

shaped charges have blowr_the canister halves will be separated by
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Figure 184 - Telemetry and Programming Systems Block Diagram for 50-Ft
Flight-Test Satellite
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Figure 185 - Sequence and Control System Block Diagram for
Full-Scale Satellite
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TABLE XLVII - INSTRUMENTATION DETAILS FOR 50-FT

FLIGHT- TEST SATELLITE

Item

Command receiver 148 mc range (2)

Radio beacon, 136 to 138 mc

Recorder reproducer (1 w record - 2 w

reproduce)

Transmitter, 136 to 138 mc

Program sequence timer

Commutator

Signal conditioning circuits

Voirage-control oscillator

Amplifier

Recorder timing mechanism

k_Iain pressure solenoid valve

:,:lair:pressure dump valve

Torus and boom solenoid valve

Torus and boom pressure gauge tube

Current

at Z8 v dc

(amps)

0. 030

0.016

0. 250

0. 040

0. 200

0. 100

0. 100

0. 040

U. U_U

O. 020

O, 400

A (',N

O. 400

O. 150

Volume

(cu in. )

100.0

22.0

69.0

19.0

26.5

12.0

24.0

19.0

i2-.0

14.0

22.0

!2.0

!2.0

0.5

Torus and boom power regulation system

Lens solenoid valve

Lens pressure gauge tube

Lcn_ pa;vcl- rcgulr-tic.n s)'stc._.

Thermocouples

Magnetometer

Solar attitude sensors

Solar rate sensors

O. 040

O. 400

O. 150

NA_

0.010

i0,

12.

O.

3.

126.

30.

30.

Canister separation from launch vehicle

(3 explosive bolts with 2 squibs each)

Canister despin release mechanism':"

Canister halves separation

Batteries, solar cells, and charge

regulation

Antennas

Wire

136,080 ergs

136,080 ergs

45,360 ergs

If canister despin mechanism is used.

100.0

33.0

Weight
(oz)

40 0

105

80 0

20 0

20 0

160

16,0

20.0

i0.0

10.0

10.4

6,4

6 4

6 0

4.0

6.4

6,0

.4 G

6.0

48. 0

12.0

12.0

40. 0

10.0

48. 0
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TABLE XLVIII - INSTRUMENTATION DETAILS FOR

FULL-SCALE SATELLITE

Item

Beacon, 136 to 138 mc

Program sequence timer

Main pressure solenoid valve

Main pressure solenoid dump
valve

Torus and boom solenoid valve

............ gaug_ pressure
tube (3)

Torus and boom power regula-

tion system

Lens solenoid valve

Lens gauge pressure tube (3)

Lens power regulation system

Canister separation from launch

vehicle (3 explosive bolts with

2 squibs each)

Canister despin release mecha-
nism';=,

Canister separation

Batteries, solar cells and charge

regulation antenna, wire, etc.

Cur rent

at 28 v dc

(amps)

0.016

O.Z

0.4

0.15

0.04

0.4

0.15

0.04

136,080 ergs

136,080 ergs

45,360 ergs

Volume

(cu in. )

22.0

26. 5

22.0

IZ.O

iZ.O

0.5

i0.0

iZ.0

0.5

I0.0

Weight
(oz)

10.5

Z0.0

10.4

6.0

6.0

6.4

6.0

6.0

12. 751b

*If canister despinmechanism is used.
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a spring mechanism. A switch closure signal will indicate that the

halves have been separated by sending a signal to the recorder for

signal storage.

This signal, however, will have a multiple function because it also

will go to the inflation system to initiate the inflation sequence {see

Item 3, a}.

The same or a similar system will be used on the full-scale satellitej

depending on the launch vehicle. The initiation of the sequence timer

will have to be commanded from the launch vehicle because the full-

scale satellite will not have a command receiver. The separation

from the launch vehicle will be the same. Despin might not be re-

quirec%depending on whether or not the launch vehicle will despin it-

self prior to orbit or not at all. The canister halves will be sepa-

rated the same as for the 50-ft test vehicle. All switch-closure

signals will be eliminated except for the inflation initiation because

there will be no data storage or instrumentation on the full-scale

model.

The sequence timer intended at this time will be a ten-channel me-

chanical switch, with time settings of 2 to 40 rain for the full cycle.

It will have a temperature range from -55 to +71 C and will withstand

!__0 g fn'r. 1 1 LZ____:_n:

Table XLIX and L are complete listings of the sequence of events,

times, and type of signal for the functional sequences of the two satel-

lites.

, INFLATION SYSTEM

a. Torus and Boom Inflation

The inflation system for the full-scale satellite and the 50-ft test ve-

hicle will be the same except for adjustment of the comparators. This

difference will be required to compensate for different pressures.
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The full-scale satellite will have the torus and booms inflated to

0. 1678 psia and the lens inflated to 0. 000316 psia. The 50-ft test

vehicle will have a torus and boom pressure of 1. 047 psia and a lens

pressure of 0.002437 psia. This can all be compensated for in elec -_

tronics and pressure gauge ranges.

The signal initiates by the separation of the canister halves will start

the inflation system by operating the solenoid-operated main pressure

valve in the pressure cylinder and advising the torus and boom com-

paratorto start inflating the torus and boom. The high pressure gas,

at 3000 psi, will then flow to a pressure reduction valve that will drop

the pressure to 5 psia. All pressure inflation systems are fed from

this pressure reducer.

If for some reason or other, the canister half separation signal does

not initiate the main pressure vessel and the comp_rator) an override

signal from the sequence timer will cause both to function at time 0 +

45 sec.

A pressure gauge in the main pressure line will signal the commutator_

and this signal will be recorded until such time as it is switched off

the commutator.

The pressure _auge tube in the inflation system will operate on the

heated thermopile principle. By passing an alternatlng curr_,,_

through the thermopile heater elements_a direct current output will

be generated which will vary according to the amount of gas passing

over the heater elements and the thermopile. This direct current

output will be sent to the comparator to be compared by means of

known resistance with known voltages for specific pressures. The

amount of gas fed to the torus and boom will be controlled by a sole-

noid-operated valve, which, in turn, will be controlled by the com-

parator to open and close continually until a predetermined pressure

is reached and maintained in the torus and booms. To assure accu-

rate measurements of pressure, this system will have its own power
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regulation. Therefore)known voltages will be maintained at all times.

The signal from the pressure tube also will go to the commutator of

the recording system to be kept as a data item for playback..

A redundant pressure tube tied in with that described above will oper-

ate through an or-gate so that either gauge will function in the system.

A third pressure tube located in the fourth segment of the torus will

initiate a signal to the comparator of the lens system for lens infla-

tion to start when the torus is completely inflated.

Present thinking indicates that this should occur at approximately 0 +

165 sec for the 50-ft test vehicle and at 0 + 345 sec for the full-scale

satellite. If for some reason no signal is received for the lens to be-

gin inflation, the sequence timer override will give the signal for in-

flation at Z65 sec for the 50-__...._+ ve_l_...... and 445 sec for the full-

scale vehicle.

The system for lens inflation will be the same system as for the torus

and booms except for pressures involved in the comparator and the

volume of gas that will be used. All pressure tubes and solenoid

switches will operate on the same principle. The inflation time for

•, =n_:+ +oo+ v_hicle and 5 rain for the full-the lens will be z rain for _,_= ........

scale satellite.

The third pressure tube in the lens system will give a signal to re-

lease the damping mechanism. This will probably be a squib-oper-

ated latch-type device containing the damper weight.

If for some reason this does not occur when the lens is inflated_the

sequence timer will override this function at 0 + 500 sec for the 50-ft

test vehicle and at 0 + 865 sec for the full-scale satellite. This over-

ride signal also will close the main pressure valve of the pressure

tank, and open a squib-actuated valve in the tank to dump the remain-

ing gas through a diffusion mechanism.
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On the full-scale satellite all power will be switched off the program

sequence timer at 0 +.985 sec.

For the 50-ft test vehicle, the, next function at 0 + 560 sec will

switch all sequencing and inflation functions off the commutator and

recording system and switch the commutator to the orbital orienta-

tion functions. At 0 + 600 sec all power will be switched off the pro-

gram sequence and its functions, and be applied to the orbital orien-

tation data timing mechanism.

ORBITAL ORIENTATION DATA ACQUISITION

a. General

Accurate knowledge of the satellite's orientation to earth while in or-

bit will be a prime factor in this program to ascertain the true re-

sults of the damping system and to predict the results of the satellite

as a reflective surface.

All sensors used for orbital orientation will apply strictly to the 50-

ft test vehicle. It is not intended to acquire orientation data on the

full-scale satellite.

b. Temperature Profile

A temperature profile of the vehicle will be established by placing

thermistors at key positions. These sensors will be located at all

pressure pickups, at the main pressure vessel, at the instrumenta-

tion compartment, and at other stragetic points on the lens and torus.

All temperature data will be commutated and recorded during the in-

flation and rigidization sequence as well as during all the remaining

orbits. Chromel-constantan thermocouples will be used to monitor

the temperature anticipated to range from -100 to +300 F.

c. Pressure Sensors

The pressure sensors will be the Hastings-Roydest thermopile-type

transducers. Two ranges will be used for the different pressures
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being monitored. For a thorough description of the transducers see

Item 3, a.

Attitude Sensing

The attitude sensing system will contain a three-axis earth-field mag-

netometer. The magnetometer will provide complete 47r sterodian

coverage for measuring the earth-field components at all points in the

satellite orbit, not limited by tumbling considerations. This magne-

tometer will be considered as a rough sensing device for all portions

of the orbit except when the satellite is in the earth shadow. At this

time it will be the only means of obtaining orientation data.

Obtaining a fine degree of accuracy in orientation will have to be ac-

complished with an array of solar cells stragetically located around

the periphery of the canister. These solar cells can be mounted in

pairs that nearly parallel each other and are shaded by a n_echa_ical

aperture to precisely indicate angle of light. The sketch below shows a

/
_= SOLAR CELLS
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typical arrangement of solar cells. The solar cells will also be

shaded from reflected earth light. With the indicated arrangement_

the amount of sunlight impinging on the cells will tend to cause the

least amount of degradation. Solar cells are simple and reliable,

have no moving parts, and require no power inputs. Because of the

closeness to the instrumentation in the caniste 5 there will be a mini-

mum of line losses. There will be periods of inoperation when the

earth or vehicle structure will block the view of the sun, and also

when the sun line is aligned with the spin axis. The effects of shad-

ing by the vehicle structure can be countered with redundant devices.

Although nothing can be done directly about earth shading, the result-

ing periods of inoperation will be short compared with total time, dur-

ing which magnetometer readings will indicate any drastic change of

attitude.

All data from the solar cells and magnetometers will be commutated

and recorded during the second periods programmed into the system

for recording approximately one minute out of every ten during an

orbit for playback upon command. The system willbe capable of

numerous orbits of recording without playback.

Attitude Rate Sensors

Sun_ "'-"---_ .... *^ ;-* .... _,,_ nht_n_d from the attitude sensors

Their prime function, however, is for accurate orientation. There-

fore additional spin-rate measuring devices will be used. These will

consist of an array of solar cells mounted behind an array of parallel

slots in a cylinder. As the satellite rotates_sunlight will impinge on

the cells periodically and the electrical outputs of the cells can be

counted to give a measure of component spin along an axis parallel

to the slots.

The solar cells will be mounted in pairs inside a housing as shown

in Figure 186A. Internal shielding will ensure that each cell will re-

spond to the light passing through one end only. Four such housings
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Ao

0
EXTERNAL VIEW B. LOCATION ON SOLAR CIRCLE

IJ

!i
J

J

Figure 186 - Spin-Rate Sensor Housing .

will be spaced equidistant around the solar circle (see Figure 186B)

to provide coverage of the three principal axes of the vehicle with

some redundancy to counter at least partially the effect of structural

shielding. The output of each cell will be telemetered to a ground

station for data reduction.

,
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DATA LINK

a. General

The data link comprised of all communications to and from the satel-

lite and the flow of information through the satellite pertains strictly

to the 50-ft flight test vehicle except for the beacon system. There

will be a beacon system as described in Item c below in operation on

the full-scale vehicle.

b. Command Control System

The command control receiver basically will control all functions
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C.

d.

through a power control system rather than a direct tie to the func-

tion or system. A redundant command receiver will be used to en-

sure positive operation of all critical functions and systems. The

command control receiver will operate on a frequency of 148 inc.

The command receiver intended for use on the flight-test satellite

is flight-proved hardware that has been flown on the Tiros satellite.

Beacon System

The beacon tracking system will be in continuous operation, except

for the short periods of data transmission. The interlock between

the beacon on-off and the data transmission will be the power control

switch system. This power control system in turn will be controlled

by the command control receiver. The beacon tracking system will

operate in the i36 to 138 mc frequency range. The beacon presently

intended for use on this satellite is flight-proved hardware that has

been used successfully on the Tiros IV. This beacon will be the only

part of the data link used on the full-scale satellite as well as on the

50-ft test vehicle.

Commutation and Signal Conditioning

All deployment and inflation data items such as switch closures and

pressure will be fed through a switch-type conditioning to the commu-

tator. Temperature readings will be fed direct to the commutator. All

of these signals will then be amplified and recorded. After 560 sec

the switch-closure and pressure signals will be switched off the

commutator. These same signals will then be replaced by orienta-

tion signals from solar cells in the attitude and attitude rate sensors

and the magnetometers. The temperature readings will remain on the

commutator in the same position. All signals in both portions of com-

mutation will be low-level-type signals and will have to be amplified

to be recorded. The commutation rate from all sensors will be in the

order of two samples per second. This rate should be sufficient be-

cause the information rate of all data items will not be very rapid.
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Recording and Reproducing

The events that comprise satellite inflation and rigidization are such

that sufficient time is not available for complete data transmission

of the whole sequence, using a single ground station. Therefore a

minimum of two overlapping ground stations, with recording and com-

mand control capabilities, will be required. The requirements for

the more important function of orbital orientation are even more com-

plex. A series of orbital points will be required to accurately plot

the satellite, earth orbit, and orientation. The number of ground

stations that would be required and their locations make this an im-

possible situation. Hence it was decided to use a record, reproduce

system.

±-o plot a satisfactory curve of orbital orientation it will be desirable

to have data from at least 10 to 15 points in each orbit. The length

of time for data pickup at each point will be dependent on the orbit of

the satellite. By using an endless tape loop, and varying the record

and reproduce speeds, sufficient data can be accumulated so that play-

back will only have to occur over a single ground station. Data from

solar attitude sensors will not be effective while the satellite is in the

earth's shadow, but magnetometer readings through this period will

be valid. Hence valid curves can be drawn to show orientation through

the earth's shadow.

The record periods will be programmed to the recorder by means of

a sequence timer. Playback will be controlled by the command con-

trol system, with an automatic return to recording after reproducing.

The recorder can be made compatible with a transmission system of

136 to 138 inc.

Telemetry

Prelaunch acquisition of data for all systems will be required. How

this is obtained will depend considerably on the launch vehicle. It

probably will be obtained by means of an umbilical cable. After
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launch there will be no signal from this portion of the satellite until

the canister is unshielded and the beacon signals begin. This in turn

will be the only signal until the transmitter is commanded to transmit

data.

Because of the quantity of information that will be monitored and re-

corded and then reproduced for transmissionja simple fro/fro teleme-

try system will be used. Telemetry transmitter power requirements

have been determined on the basis of the following data link parame-

ters:

i ,

2.

.

,

5.

.

Transmitter antenna gain

Receiving antenna gain (based

on 85-ft parabolic dish at

136 mc)

Minitrack receiver sensitivity

(based on 100-cps channel)

Signal-to-noise ratio

Path loss (based on maximum

2500 naut mi range and 136 mc)

Miscellaneous losses

-3 db

28 db

-150 dbm

15 db

150 db

i0 db

With these parameters, a transmitter power of 1 mw is indicated.

However, an 0. l-w transmitter is being considered to remain con-

servative in the fir st analysis. Thus, a transmitter operating at

136 to 138 mc with a rating of 0. 1 w output into a 50-ohm antenna is

used for the later calculations.

A single voltage-controlled subcarrier oscillator will be provided to

monitor the output signals from the sensors. I-Iowever_ recorder re-

produce may require additional amplification prior to transmission.

Power requirements will be dictated partially by the peak load of total

on-time required per orbit by the transmitter. Because of the avail-

ability of space-proved electronic components and the low power levels,
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the maintaining of the proper thermal balance in the satellite canister

is not expected to be a serious problem.

Antenna System

Two payload antennas will be required to provide the data link func-

tions. One antenna will operate in the 136 to 138 mc range for the

tracking beacon and telemetry; the second will be compatible with the

command control link at 148 inc.

Coverage requirements for the antenna system are based on the ge-

ometry in Figure 187; for the worst case, the electronics payload can

be tipped up 90 deg from vertical and required to communicate with a

ground station at 55 deg (800-mi orbit, line of sight) in the other di-

rection off normal.

Thus, to obtain adequate coverage, the antenna field intensity for both

systems should be constant over a 300 deg segment of a sphere, sym-

metrical with the long axis of the vehicle.

40 FT I
i FT

-- "_" U (., --

Figure 187 - Antenna Tipped 90 Deg (Worst Case) to Determine

Coverage Requirements
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This coverage can be achieved by locating the antenna system at the

extremity of the mast mounted to the payload canister cover. This

location also allows for use of the antennas before deployment of the

satellite.

Each antenna system will consist of two orthogonal half-wave-length

dipole elements, oriented horizontally and vertically with respect to

the surface of the vehicle (see Figure 188A). An alternate antenna

system will consist of a symmetric array of four parallel elements

bent radially from the center axis by an angle of 45 deg. The spacing

between diametrically opposed elements will be on the order of a half

wave length (see Figure 188B).

POWER SUPPLY

To .......+ +u_ experiment in orbit, _ limlt_d _mount of continuous Dower

will be required to operate the beacon, the command receiver, the re-

corder, and the recorder timer. The peak power loads will occur upon

Figure 188 - Antenna Pattern

-_uJ I
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command for the recorder to reproduce and transmit to the ground sta-

tion.

The satellite orbit altitude of 800 mi indicates an orbital period of ap-

proximately i15 rain. If the satellite is launched into this orbit from

Wallops Island (approximately 37 deg N latitude}, the sunlight and shadow

time of the orbit will be approximately 85 and 35 min_respectively. The

electrical loads are established to be i. 2 w continuous and standby power,

and Ii.5 w peak during telemetry transmission. A long-time telemetry

readout time of I0 minmaximum once per orbit will be used. A recharge-

able battery and solar cell power supply will be used during the telemetry

readout and during the shadow portion of the orbit. The same batteries

will be used to power the deployment and inflation portion of the flight.

With perfect earth orientation, the array will be shadowed by the lenticu-

1_r shaoe for approximately 21 rain of each orbit. Therefore, the solar

array will be illuminated for 64 rain of each orbit. Due to the orientation

of the satellite, the center line of the cylindrical array will not always he

normal to the solar incidence; the average angle of incidence is estimated

to be 28 deg. Based on the total power requirements, the area of solar

array required to keepthe batteries charged is about 3.9 sq ft. Although

perfect orientation is not practical, it is assumed that the rate of change

in satellite attitude with respect to earth will be low in relation to the or-

hit p_r_d. Therefore, the average time the solar array is illuminated

and the average angle of incidence will be nearly the same for all orbits.

GROUND ENVIRONMENT AND PROCESSING

The proposed telemetry data flow is shown in Figure 189. Telemetry sig-

nals will be received from the satellite at Minitrack stations along the or-

bital ground path. Since the flight instrumentation system will be com-

prised of a single transmitter frequency-modulated by a voltage-controlled

subcarrier oscillator, only a modest amount of f-m/f-m ground station

equipment will be required for data acquisition. Adequate equipment should

be available at the trackingstations.

.T
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PROGRESSREPORTS

Figure 189 - Telemetry Data Acquisition and Reduction

The satellite signals will be detected by a receiver and demodulated by

subcarrier discriminators. The discriminator outputs will be recorded

on a pen or heated stylus oscillograph. The receiver output will also be

mixed with a reference signal and recorded on magnetic tape. A range

time generator will provide timing signals and chronological reference

for the tape and oscillograph recordings. The real time oscillograph

records will provide monitoring information for the receiving station op-

erators and project representatives.

The formal data reduction for analysis and final report will be accom-

plished from playbacks of the magnetic tape recordings. If there are suf-

ficient data to justify machine and programming expense, Government-

furnished data-reduction facilities will be required.

Analog data traces are easily scaled, identified, and reduced to report

format by procedures presently in use at GAC. Since the commutated
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data consist essentially of housekeeping steady-state pressure, tempera-

ture, and slowly changing attitude data, only a modest number of data

points per channel will need to be reduced for each reception period.

8. HARDWARE SUMMARY

A summary of the instrumentation hardware requirements, power, weight,

and size is given in Tables XLVII and XLVIII.

The sequence of events and times involved in deployment and inflation is

shown in Tables XLIX and L.

The block diagrams depicting the full systems are shown in Figures 184

and 185.

-466-
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SECTION III - TECHNICAL DISCUSSION - PHASES I AND If

Subsection Eight - Reliability Considerations

I o

Z.

GENERAL

An important consideration in the lenticular satellite investigation was

the reliable deployment and operation of the communication satellite. In

order to ensure a reliable system, GAC was required to perform prelimi-

nary reliability studies and statistical analyses and establish reliability

requirements and goals for the satellite system. Emphasis was placed

on minimizing complexity, maximizing the use of design state-of-the-art,

and the incorporation of redundancy where needed.

As part of its research activity for 1963 GAC initiated a program to evalu-

ate existing reliability methodology as it applies to space systems utiliz-

ing expandable structure. Data from the communication satellite project

were used as a basis for these developmental studies. The results ob-

tained therefrom which are considered of importance to the lenticular

satellite project are incorporated herein, along with the results of the

contractually funded effort.

OVER-ALL PROGRAM PLAN

A reliability program contains a series of specific steps aimed at achiev-

ing inherent reliability in design and maintaining it during fabrication and

operation. In order to facilitate measurement of progress toward this ob-

jective a series of monitoring points or milestones are established within

the program.

Figure 190 shows the over-all reliability program plan prepared for the

lenticular satellite project. Milestones are blocked off and their associ-

ated efforts delineated directly underneath. Reference is also made to the
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four phases as noted in the NASA Statement of Work, L-3308 of 17 April

1963. It will be noted that Phase I, Design Studies, has been broken down

into two steps, program definition and conceptual design.

During the program definition phase_ the function block diagram supplied

by Design was converted to a reliability block diagram and preliminary

calculations were made to determine a feasible reliability goal.

As conceptual design proceeded in the latter part of Phase I, failure mode

studies were made along with a review of potential material problems.

In Phase II the reliability effort consisted primarily of the evaluation of

functional engineering tests_ because hardware had not been developed to

the point where reliability tests were appropriate.

Figure 190 also shows the steps considered mandatory during Phases III

and TV for achievement of the system reliability goal.

P_OGRAM DEFINITION PHASE

a. Reliability Block Diagram

After completing the over-all reliability program plan, the prelimi-

nary functional block diagram prepared by Design was converted to

the reliability block diagrams shown in Figures 191, 192, 193, and

194.

Figure 191 is the reliability block diagram for the lenticular satellite

system and the monitoring system. In constructing this diagram the

following ground rules were used, giving separate consideration to

the satellite system and the monitoring systems:

I. The deployment system components were con-

sidered to operate one cycle or one hourj which-

ever was applicable.

2. The operational period for the test satellite was

considered 200 hr
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These mission times were selected to enable reliability estimates

to be made and may be modified by program requirements.

Neither the reliability of the equipment used to monitor deployment

nor the reliability of the equipment used to monitor operation were

considered as part of the satellite reliability.

_"" 92_, e i is the reliability block diagram for the deployment sub-

system. With the exception of the redundancies shownjthe compo-

nents are considered to be in series. That is, if any component

fails, the system fails. The command receivers are redundant as

are the No. 1 pressure gages in the torus, boom, and lens. Time

overrides in the programmer sequence timer are considered to be

redundant with the No. 2 pressure gages in the torus and lens.

Figure 193 shows the deployment monitoring subsystemjand Figure

194 shows the operation monitoring subsystem.

A failure of any sensor or other part of the monitoring subsystem

was considered to result in a subsystem failure. It is expected that

this definition of operation monitoring subsystem failure might be

changed later in the satellite program when the data feedback require-

ments are defined in more detail.

Reliability Goals

Because the work statement does not specify a numerical reliability

requirement or goal for the lenticular satellite, the next step was to

attempt to calculate this factor on a preliminary basis using known

or assumed reliability values for each functional block. The result-

ing factor, R = 0.97, is considered an objective for the satellite sys-

tem that might require adjustment as the program progresses, since

there are several components and subsystems for which there are no

reliability performance data at present.

The monitoring and the deployment subsystems consisted basically of

hardware for which failure rate data were available. An exponential
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failure law and independent component failure probabilities were

assumed to be applicable for this equipment, and preliminary relia-

bility predictions were made (see Appendix 3). Because the failure

rates used in these predictions were considered pessimistic, goals

for these equipments were established by doubling the predicted mean-

time-to-failure.

It is apparent from the system reliability block diagram, Figure 191,

that the satellite reliability goal has been established primarily by the

assignment of goals for the structural equipment, and that the influ-

ence of the deployment system prediction on the final goal is rela-

tively small.

Structural Reliability

In order to establish a reliability goal for the over-all project, reli-

ability goals of 99 percent were assigned to the stabilization system

and to the satellite structure. This implies a 1 percent probability

of random failure of structure due to material of fabrication defects,

excessive overload or deterioration as a result of prolonged exposure

to environmental extremes.

CONCEPTUAL DESIGN PHASE

bo

n

During the conceptual design phasejpreliminary sketches were pre-

pared for fabrication of structural working models. Since the pur-

pose of these models was primarily to accomplish functional testing_

the design data were not sufficiently detailed to permit complete de-

sign review. The information did serve as a basis for failure mode

studies and materialreviews.

Failure Mode Studies

Lists of failure modes during deployment (Appendix K) and during op-

eration (Appendix L) were generated. Analyses of three of the more

critical failure modes were made.
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Disturbing torque caused by nonuniform gas leakage might be so great

that the satellite could not be stabilized. A single example of adverse

pressure distribution was shown (refer to Appendix M) to produce a

disturbing torque of the same order of magnitude as the maximum

value of gravity-gradient restoring torque. This indicates that the

leakage and diffusion must be controlled by controlling hole location

during or after fabrication.

Material Review

A summary was made of areas wherein problems might occur in the

manufacture of photolyzable film-wire cloth material, as follows:

i. Polymer Resin Preparation

a. Monomer - Monomer is supplied by an

outside vendor and consistent quality

would have to be assured.

b. Polymerization - Process control is

extremely important at this point. All

polymerization has been done on labo-

ratory scale thus far. This area is

being looked into by Goodyear Tire

Research.

c. Incorporation of Dye in Polymer - Dye

is added to the polymer to increase

absorption of solar radiation and thus

increase the temperature of the film

in space. The dye would be obtained

from an outside vendor and would have

to be checked carefully to ensure that

it contained no impurities that would

inhibit photolyzation. Proper blending

of the resin and dye will have to be
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made to obtain the desired as/6. character-

istics. Process control in this area is

very important.

2. Wire Drawing and Weaving

a. Material for Wire - Composition of the

basic material to be drawn into wire

would have to be carefully checked to

ensure that it did not contain any unde-

sirable impurities.

b. Wire Drawing - Stress-strain properties

of the wire must be checked. Also, in-

spections must be made to determine

whether defects appear along the wire

and whether cross-sectional shape is

maintained.

c. Wire Weaving - Many problems can and

do occur in the weaving of this fine wire.

Techniques or equipment design for

weaving such fine-wire open-mesh cloth

as required for this application are not

well ...... 1 ____ _ j _ .....

materials have been produced on ex-

perimental equipment. For large

quantities, looms would have to be modi-

fied. Wire is easily damaged in the

"take-off" process, thus making it im-

portant to look at this area also.

3. Resin-Wire Cloth Combining

In this step two approved items, the resin and

the wire cloth, are combined into one item.
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Casting of the film on the wire cloth has proved

to be a satisfactory method. Present materials

have been cast on Goodyear experimental equip-

ment. Larger quantities would have to be made

on larger Goodyear equipment. Some problems

might occur in making this change-over. Final

checks would have to be made at many points

along the roll to determine whether optical prop-

erties (_s/_), photolytic behavior, stress-strain,

pin hole count, etc. meet established require-

ments.

GROUND TESTS: MATERIALS AND MODELS

Phase ii material t_sts were of a development nature and generally did

not provide data that could be used to measure reliability.

The ._._odel deployment tests, although qualitative in nature and per-

formed without complete environmental simulation, were considered

significant from a reliability viewpoint. Seven tests were observed.

Five of these tests were with the torus only and two with the torus and

lens. Six of the seven tests were considered successful. During the

seventh t_t thel-e was a deployment difficulty in which the lens tangled,

preventing complete deployment. However, this difficulty was consid-

ered to be the result of friction and gravity restraints that would not be

present in orbit. It appears that the space deployment system will be

satisfactory. (Refer to Appendix N. )

CONCLUSIONS

Insufficient data are available to provide a measurement of the reliability

of the proposed structure or stabilization system.

In the absense of a firm reliability factor for the structure and stabiliza-

tion system, a reliability prediction would not be meaningful at this time.
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Using assumed conservative figures for the structures and stabilization

system, a reliability goal of 97 percent appears feasible for the system.

]Because the remaining components (electrical, electronic, mechanical,

pyrotechnic, etc.) are currently available from known suppliers, normal

reliability surveillance in selection, application, and quality control should

provide satisfactory reliability.

The most critical area, from a reliability viewpoint, will be the control

of raw material and processing in the fabrication of structures.

RECOMMENDATIONS

In continuing phases of the subject program, it is recommended that re-

liability be treated as a goal rather than a requirement.

T+ _ also ........ A=_ that additional effort be expended for reducing

material variabilities and for improving control of processes and fabri-

cation techniques. Investigation of step-by-step procedures during the

manufacturing operation from receipt of raw material to the finished

product would be the initial activity.
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SECTION IV - TECHNICAL DISCUSSION - PHASES III AND IV

i. PRELIMINARY SPACECRAFT DESIGN

a. General

The flight-test satellite is designed to be launched with the Scout

vehicle. The design effort for this phase of the program required

definition of the interface and separation of the payload from the

vehicle, a despin system for the payload, and the payload canister

separation arrangement. Figure 195 is a general arrangement lay-

out of these items.

b. Interface and Separation

The interface and separation system is basically the same as defined

by Chance Vought Corporation Drawing No. 399-00882, Sheets I and

Z. The E section assembly will require the addition of tapped holes

to accommodate the interface connection between the payload and

fourth-stage vehicle. The payload can be housed in the standard 34-

in. diameter heat shield and attached to the vehicle by the standard

separation ci=,_-e _,,v,_,, .................

mined signal_separation will take place at Station 35. I 1. Six ejection

springs will separate the payload from the fourth-stage Scout. A

micro switch- type device attached to the payload will start the sat-

ellite sequence programmer in operation at time of separation.

c. Despin System

The despin system is a two-stage system, the sequence of operation

being the same for each step. The first-stage despin weights (yo-

yo's) will be deployed immediately after separation of the payload

from the vehicle. The despin weights will be on the ends of lines

wrapped around the payload canister. Cable cutters will release the
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despin weights and lines which will unwind from the canister by

centrifugal force. When the weights and lines reach the proper posi-

tion on the canister_ the lines will slip out of a slot2at which time the

second stage of the despin system will be initiated. At the conclusion

of second-stage despin_the payload will be ready for deployment.

Canister Separation

The canister separation system used will be similar to the Echo I

system. Canister sealing will be accomplished by O ring. The two

halves will be laced together with Dacron line. .A shaped charge will

cut the Dacron lineTthus releasing the canister halves. This charge

will be designed so that separation forces are not imposed on the

canister halves.

a. General

- aflciiG rIne go " ' date fo .he :^' I ;__u_ow_,_g master plan assumes that pro-

totype material technology has advanced beyond the state-of-the-art

at the conclusion of Phase II, Contract N_AS 1-3114.

In addition, the satellite basic design concept was taken as defined

in this report at the start of the master plan. The over :-a_lformat

of the charts and text is based on G.A(.;'s experience and assuznlng

that G.AC will be the follow-on contractor for convenience.

The information on these charts can be used effectively for future

cost estimating of the flight test program and its major parts.

b. Master Plan

(i) General

The master plan for the design, development, and flight test

of the gravity-gradient-stabilized satellite is shown on Figure

196. This plan calls for an orbital launch twenty-two months
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after go-ahead and that orbital tests, including tracking, data

collection, data evaluation, and reporting will continue after

launch.

Altogether, the plan utilizes fifteen models ranging in size from

the Z0-in. microwave range test model to the 50-ft flight-test

satellites. Of the fifteen models, ten are scheduled for the

ground test effort, and five will be shipped to Wallops Island

for the flight test program.

The schedule calls for the availability of all design information,

tooling, and a completed assembly area at the end of five months..

It is anticipated that procurement will extend over a seventeen-

month period. Ordering of flight-test satellite materials will

start during the ninth month.

Ground tests will commence almost immediately in the program_

as GAG already has a thorough knowledge of the requiren_.ents.

Ground tests will coatin_ae through the fourteenth month. The

significance of these tests is fully recognized - a conclusive

ground test program being absolutely essential to a successful

flight test program.

Fabrication, assembly, and checkout of the five flight test pay-

loads are scheduled to overlap. Checkout wi_I 0e completed et_

the end of the twentieth month.

Starting at the ninth month, and paralleling the development

effort at GAG, the payload-Scout mission integration sequence

will begin exactly eight months prior to the first of the two

proposed lob shots (launcher). The need for good communica-

tions between GAC, LRC, and the Wallops Island personnel is

of paramount importance to minimize possible error in mating

the vehicle and payload systems. Both the lob shot payloads

and the orbital shot payload will have standbys. These standbys
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(z)

(3)

will be available at the start of each twenty-two day countdown.

The lob shots will provide the final design development support

data. A design freeze is scheduled midway through the twenty-

first month.

Orbital test data will be thoroughly analyzed. Once good anal-

yses are available, a critique of the entire program is recom-

mended, with an emphasis on future application.

Program management, documentation, administration, and

associated support activities will be continuous.

Product Design Plan

The design effort is presented in detail on Figure 197. Initial

drawing releases will be made by the end of the first month.

Subsystem design is scheduled to be complete the middle of the

fifth month. System design integration begins the third month

and continues through the sixth month. All design data will be

available at this point.

Design liaison and coordination will support both the ground

test effort and the flight test effort up to orbital launch. Final

corrective data are scheduled due the middle of the twenty-first

month, or I/g month prior to orbital launch.

Manufacturing Plan

The manufacturing plan (see Figure 198) is based on a contin-

uous receipt of the necessary materials and as great a degree

of flexibility and cohesion as can be achieved between Engineer-

ing and the Development Shop.

It utilizes a task-force-type team that will include all the el-

ements necessary to discharge the manufacturing responsibil-

ities. These responsibilities are divided among the appropriate

departments: Engineering, Development Shop, Materials, and
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TASK
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Figure 197 - Product Design Plan
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Figure 198 - Manufacturing Plan
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(4)

Plant Engineering. All fabrication and assembly work will be

done by the Development Shop2which is a part of the Engineering

Organization. The entire Manufacturing team will be under the

direction of an Assistant Project Engineer.

The plan utilizes all of GAC's standard systems and procedures.

Control methods have been reduced to a minimum with respect

to cost and time consumed. Yet the plan contains all the pro-

cedures that are necessary for proper control of costs, quality,

and schedule.

Tasks have been planned to be overlapped, such as simultaneous

assembly area make-ready, tooling fabrication, and fabrication

and assembly of the two Z0-ft ground test models. Standard or

like parts will be released to the Developir_ent Shop by Engineer-

ing early in the program in order to complete th_ various models

in the shortest possible time and to keep manpower peaking to a

minimum.

Finally, a coordinator will be assigned to the floor to monitor

daily progress in all areas to the manufacturing schedule. The

coordinator will be responsible for proper man loading by pro-

duction, acquisition of materials or parts, direction of flow of

work, ,_,_d general schedule ____nt_nance in all manufacturing

areas.

Program Management Plan

The program management plan is shown on Figure 199. It is

recognized that effective management is possible only when a

system exists to balance time, cost, and technical performance.

This plan is designed to maintain maximum cognizance and

control over the program by a thorough coverage of these same

areas from a planning standpoint. The techniques used are

based on GAC's experiences gained over the years in the follow-

ing areas:
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bJ

Figure 199 - Program Management Plan
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I. Communication systems - 8 years

Z. Missiles weapon systems - 13 years

3. Airborne guidance systems - IZ years

4. Expandable structures - 5 years

5. Airborne radar 12 years

6. Ground radar antennas - 15 years

7. Rocket motor cases - 6 years

8. Plastics - IZ years

9. Radomes - i0 years

I0. Airframes and major components of air-

craft - 18 years

1 I. Electronic and mechanical ground support

equipment - 20 years

IZ. Simulator and training devices - ii years

13. Computing devices - 13 years

14. Airships - 20 years

The assigned project engineer will be responsible for effective

management controls. Program monitoring techniques will be

used to anticipate and evaluate indications of program schedule

slippages or cost overruns. Specific plans and reports that

will be used for effective management controls include (I) itenas-

of-work - versus - time bar charts with appropriate milestones,

(Z) engineering experimental shop release schedule, (3) pur-

chase parts status report, (4) manpower utilization and distri-

bution curves, (5) subcontractor performance reports, (6)

projected cost to complete, and (7) program summary reports.
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,

(5)

GAC suggests that LRC and the contractor schedule and hold

both bi-monthly and quarterly meetings. The bi-monthly meet-

ings would be held to review technical progress and to discuss

specific technical and administrative problems encountered and

resolved. During the quarterly meetings the program would be

reviewed at management level with an emphasis on the big pic-

ture. It is suggested LRC be the location of all quarterly meet-

ings.

In addition to the above meetings, the contractor will conduct;

under the program manager's direction, weekly coordination

meetings to be attended by key personnel.

For internal use at Goodyear Aerospace, a program manage-

ment system (PERT or Line-of-Balance) will be initiated and

_aintained throughout the program as the major planning tool.

It will be designed to optimize, in schedule and cost, the devel-

opment of the orbital hardware.

Documentation Plan

Additional liaison and program visibility will be provided through

periodic cost and technical progress reports. These reports,

issued by the project office, will provide program status in

depth to p_ __ _ _t-=t,.,_ _._,_ _,_== .;,_,.-,1_,-;_ _"

problem areas, and coordination of corrective action. The pro-

posed documentation and reporting plan is shown in Figure 200.

GROUND TEST DEVELOPMENT PLAN

a. Introduction

The ground testing of the spacecraft and its components will be

conducted in four phases as outlined in Table LI and Figure Z01.

Table LI is a summary of Ground Test Requirements in a condensed

form for quick reference. It lists the components or system to be

Aq'_A
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TASK

ENGINEERING DAYA
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Figure 200 - Documentation Plan
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TABLE LI - SUMMARY OF GROUND TEST REQUIREMENTS

_o,_...on ,.,° .,,.,..,,.,n
l.._or.,o,_

^dv.._.d M°,.,_°[

(:o.,o.. p...._r, v_,.., d._l.,.o. S,°,,_ T.,, _o..,o,_

Ho. r.,. p,. ..... _o_..,.,.._.

v. ......._,°,._.r

c.^c

GAC

(;^(:

G_C

L_C

-496 -



SECTION IV - TECHNICAL DISCUSSION - PHASES IIIAND IV GER-IIBOZ

TASK

I - DEVELOPMENT TESTS

MATERIAL TESTS

ATTACHMENT TESTS

CANISTER

STABILIZATION SYSTEM

INFLATION SYSTEM

20-FT-DIAMETER SATELLITE MODEL

50-FT-DIAMETER SATELLITE MODEL

RIM

BOOM

TORUS

RIM AND TORUS

SATELLITE (INFLATABLE)

SATELLITE (COMPLETE PACKAGE

DESPIN SYSTEM

INSTRUMENTATION

POWER SUPPLY

DATA AQUISITION

SEQUENCE CONTROL

DATA LINK

R-F (MICROWAVE) TESTS

20-FT-DIAMETER MODEL

40-1N.-DIAMETER MODEL

MATERIAL REFLECTIVITY

REAR SURFACE INTERFERENCE

20.- OR 50-FT MODEL TESTS

DYNAMIC SIMULATION

II - FUNCTIONAL TESTS

INFLATION SYSTEM

STABILIZATION SYSTEM

DESPIN SYSTEM

SEQUENCE CONTROL SYSTEM

DATA AQUISITION SYSTEM

DATA LINK SYSTEM

POWER SUPPLY SYSTEM

CANISTER SEPARATION SYSTEM

PAYLOAD SEPARATION SYSTEM

50-FT-DIAMETER SATELLITE

(COMPLETE PACKAGED UNIT)

II1 - RELIABILITY TESTS

DESPIN SYSTEM

STABILIZATION SYSTEM

CANISTER SEPARATION

SATELLITE (COMPLETE PACKAGE)

IV - CHECKOUT FLIGHT MODELS
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Figure ZOl - Ground Test Schedule
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b.

u

tested, the types of tests to which each will be subjected, the pur-

pose of the tests, the test data that will be obtained, the number of

models (of each system or component) to be tested, and the test

facility and its location.

Figure Z01 predicts when the various tests will be conducted prior

to the flight test phase of the program.

Development testing will commence at the outset of the program

and will extend through to delivery of the orbital payloads. The

testing involved in this phase will begin with material tests and will

end with studies of the design operating characteristics of the entire

system incorporated into a development satellite. During the devel-

opment program all components, systems, and subsystems will be

e_i_,_u_i_e,y tested and their characteristics analyzed.

Functional testing of prototype components, systems;and subsystems

will start as soon as development tests have proved design concepts

and design modifications have been incorporated. The functional

testing will be culminated by the incorporation of all satellite sys-

tems into a packaged spacecraft and then tested under conditions

simulating as nearly as possible orbital deployment of the satellite.

,Reliability testing of components and systems will be accomplished

throughout LI,= -_"'=uf ti,= piogian-_.

Checkout of the flight payloads prior to delivery will be accomplished

at GAC. All flight models will be completely checked during assem-

bly and readied for preflight checks at the launch site.

Development Tests

(i) Material Tests

(a) Objectives

The objectives of the material test program will be to:
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I_

I. Confirm the stress-strain characteristics of

the boom, torus and rim material, and the

wire, wire cloth, and wire cloth-photolyzable

film composite material that will be used in

the fabrication of the satellite lens.

Z. Confirm the quality of the composite lens

material.

3. Confirm the porosity and photolyzation

characteristics of the film-cloth material

(l.Z-mil copper wire cloth with 0.6-rail

photolyzable film).

4. Confirm and establish fabrication techniques

of the lensTincluding all seaming.

5. Demonstrate the ability of the seams to per-

form satisfactorily for long periods of time

under a spatial environn-_ent.

6. Confirm rigidizing and buckling characteris-

tics of the lens material_using IZ-in. diam-

eter diaphragm test samples.

Procedures

Specimens of the wire, wire cloth, film cloth, torus,

boom, and rim materials will be tested for stress-strain

characteristics with the Instron testing machine.

Samples of the composite material will be subjected to

porosity tests;using the permeability testing machine.

Photolyzation tests will be conducted in spatially simulated

environment of temperature pressure and radiation (sun

simulation) to establish film photolyzation rates.

Sample seams to be used in the fabrication of the lens,

torus, and booms will be tested, to determine their tensile
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strength and peel characteristics after being subjected to

the applicable environment. These tests will be conducted

using the Instron testing machine.

The rigidizing pressure and the buckling characteristics

of the lens material will be determined by conducting tests

utilizing IZ-in.-diameter diaphragms. Thus tests will be

conducted with a specially fabricated pressure vessel in-

side a vacuum chamber, at pressures and temperatures

simulating an orbital environment. Deflection measure-

ments of the diaphragm will be made remotely.

(c) Expected Results

It is anticipated that these tests will qualify the material

chosen for the fabrication of the lens, torus, rirr_and

boom of the lenticular satellite.

(Z) Six-Foot-Diameter Diaphragm Tests

(a) Objective

The objective of the diaphragm tests will be to determine

the lens sphericity and the buckling characteristics of the

lens material. Also to investigate the effects of seams on

the contour _cc,,r_c-v ,ruder ri_idized conditions at various
• w

temper atur es.

(b) Procedure

A specially fabricated 6-ft-diameter pressure vessel will

be utilized for this test. The material diaphragms will

be installed on the vessel and the vessel pressurized to

rigidize the material. Contour measurements will be

made using AlliedResearch Associates, dynamic deflec-

tion transducers tModel 1013.
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(3)

(c)

These tests will be conducted under atmospheric conditions

of temperature and pressure and finally orbital environ-

mental conditions.

Expected Results

The 6-ft-diameter diamphragm tests are expected to

prove the contour and buckling characteristics of the lens,

including the effects of seams, and the effects of environ-

mental conditions of temperature and pressure.

Twenty-Foot-Diameter Satellite Model

(a) Objective

The objective of the Z0-ft-model tests will be to establish

preliminary techniques of packaging, deployment, and

_e_ite.inflation, for application _o the 50-ft-dian_et_r _-_ _"

Also to study material dimensional stability by conducting

contour measurements, and to establish material fabrica-

tion tolerances.

(b) Procedure

The deployment tests of the ZO-ft satellite will be conducted

by utilizing a water table, to allow free inflation of the

satellite without suOjecting ic to undue forc_ du_ ;._ g_avity

and friction. Motion and still picturles of the deployment

will be taken during the tests.

The contour measurement of the ZO-ft satellite will be

conducted at ambient conditions {temperature and pres-

sure) in a manner that will minimize the effects of gravity

as shown in Figure ZO2. The satellite will be mounted on

supports located around the periphery of the lens at the

junctions of the lens and-torus. Measurements of both the

top and bottom contours will be made. The satellite will
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(4)

then be inverted and the same measurements recorded.

(c) Expected Results

The above described tests are expected to provide in-

formation relative to the packaging, depl0ymentjand: infla-

tion, necessary for establishing methods for the 50-ft-

diameter satellite. They should also establish the dimen-

sional control necessary during fabrication to maintain

the design inflated contour.

Fifty-Foot-Diameter Models

(a) Torus

Objective - The test objective will be to determine the

deployment and inflation characteristics of the torus.

Also to determine the structural characteristics of the

torus at various inflation pressures and to measure its

deflection. The contour will be measured to determine

fabrication tolerances.

Procedure - The torus will be packaged and deployed on

a water table. The deployment will be photographed with

motion picture camera to allow a more detailed analysis

of the deployment motion.

The torus will be placed in a special jig similar to that

shown in Figure ZOZ, and the contour will be measured to

determine if it is within design tolerances.

The structural characteristics will be determined by in-

flating the torus to test pressure and applying loads. The

deflection and contour change will be measured.

Expected Results - The results of this test will demon-

strate the functional characteristics of the torus and its

dimensional stability under inflated conditions.



SECTION IV - TECHNICAL DISCUSSION-PHASES III AND IV GER-II50Z

/ORDINATES jl__

A

s .+++++-p+

c +4-++++

++, ++ + + ++ ++ ÷\\
+ ++÷***.4-4-.÷ ÷-_\

+++++++++÷÷++ ,_,_\\

" ++++++++++÷÷ 4-hllI' +++++++÷++++ ÷+I-_
J -F+++++++++++-t-p V

K 4-&&-l- +++ +-I-+++ -I-:_#/W

L ++++++++++++ 4-/+//
'++÷+++++++++ +%4/i

o......._ ÷++++_+<+//2/

SUPPORTS

(AMOUNT AS REQUIRED

FOR SAG-FREE SUPPORT)

,_ REFERENCE PLANES/ 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
i t ' -'r--- i l A l l l

IONS

(
) 1819 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34

Figure ZOZ - Setup for Satellite Model Contour Measurement
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(b) Rim

Objectives - The rim tests will determine the torsional

structural characteristics of rim segments in the deployed

condition. They will verify the ability of the rim to be

successfully packaged and released. A further objective

will be to measure the expanded contours (diameter) to

determine the creep strength characteristics of the rim

mate r ial.

Procedure - Segments of the rim will be tested for torsion-

al rigidity and buckling_and deflection measurements will

be recorded. The rim will be packaged and allowed to

release. Release will be observed and stability will be

noted. The rim will again be packaged and stored in the

packaged condition for a specified period of time, then

released. The release will be observed and the creep

stress effects noted. Motion pictures will be taken for

detailed analysis of the deployment.

Expected Results - It is expected that these tests will

verify the structural characteristics of the rim section

and its ability to be packaged and released and also show

the creep strength characteristics of the rim material.

(c) Rim and Torus

Objectives - The objectives of the rim and torus tests

will be to determine the packaging, deployment, and in-

flation characteristics of the rim and torus combination.

Also to determine the dimensional stability of the com-

bination by conducting contour measurements and deflec-

tion tests and to determine the efficiency of the attachment

method.

Procedure - The deployment and inflation test will be

conducted on a water table. The test will be observed
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(d)

and the deployment time will be measured. Also motion

pictures will be taken for detailed analysis of the deploy-

ment sequence.

The contour check and deflection test will be conducted

on a special test fixture, fabricated for this test. Optical

measurements will be made where possible to improve

accuracy. Where deflection is too great for optical meas-

urement, a mechanical means of measuring will be in-

corporated.

Expected Results - The above described tests should show

the packaging and deployment characteristics of the rim

and torus and also verify the inflated dimensional stability

of the rirn-torus combination.

Complete 50-Ft-Diameter Satellite

Objective - The objective of the test of the complete 50-

c, satellite will be _- _ .... "_ +__ ..uu=,.e__,:__._e.-_e most effective method

of packaging the satellite with regard to method and pack-

aging sizes and to determine the effects of repeated pack-

aging on the inflation characteristics and on the contour

of the lens.

Procedure - The satellite will be packaged and inflated

(on the water table) a sufficient number of times to deter-

mine the most efficient packaging method and optimum

package size. .4 contour check will be made before the

satellite is first packaged and again after it has been

packaged and deployed.

Expected Result - This test will provide qualitative in-

formation with regard to the effects of repeated packaging

and inflation on the life of the satellite materials, and the

dimensional changes due to buckling and wrinkling of these

materials.
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(e) Complete 50-Ft-Diameter Satellite Payload Tests

Objectives - The primary objective of the payload test

will be to determine the functional characteristics of the

development satellite with regard to canister separation,

deployment, and inflation. A further objective will be to

determine the effects of environmental conditions of shock

and vibration (launch conditions of the Scout) on the func-

tioning of the development systems.

Another objective will be to determine the accuracy of

the satellite contour construction.

Procedure - The satellite will be packaged and installed

in the canister and all residual air will be removed. The

payload will be installed in the test fixture at GAG and

the deployment sequences initiated. Figure 14 shows a

typical canister separation and deployment sequence.

Motion pictures will be obtained, for detailed study of the

sequence. Sequence time, and torus, boom, and lens

pressures will be recorded during ithe test.

The satellite payload will then be repackaged and residual

air removed and assembled into the canister, with all

systems aboard. The payload willthenbe installed on a

vibration test machine and subjected to the vibration spec-

trum of the launch cycle of the Scout rocket, which is

given in Appendix O.

After the vibration test of the package has been completed,

it will be reinstalled in the test fixture on the water table

and the deployment sequence will again be initiated.

Motion pictures, pressuresaand deployment time will be

obtained during the test.

r_f" UU--
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(s)

Similar tests will be conducted on other models in the

60- or 100-ft-diameter vacuum chamber at NASA -

Langley Research Center. In these tests the satellite

will be deployed in a plastic sheet installed inside the

vacuum chamber. Three models of the satellite will be

used to conduct these tests. Each model will be subjected

to tests, some of which will be the same or sin_ilar.

Expected Results - The initial deployment tests will in-

dicate the functional characteristics of the developmental

payload separation system, the canister separation sys-

tem, and the inflation system. Post-vibration functional

tests will prove the ability of the system to function after

having been exposed to simulated launch conditions.

Canister Tests

(a) Objectives

The objectives of the canister tests will be to verify the

design concepts for the separation of the canister, to

determine the structural characteristics of the canister

and its attachments_ and to prove the pressure integrity

of the canister and its connections.

(b) Procedure

The canister will be subjected to loads that will simulate

flight loading (not vibrations). Strain and deflection

measurements will be obtained during the test.

Separation tests will be conducted in which the canister

halves will be separated using the explosive bolts. Sep-

aration velocity will be recorded and high speed motion

pictures will be taken to determine the stability of the

canister halves during and immediately after separation.
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(6)

This test will be designed to minimize the effects of

gravity.

The canister will be subjected to vacuum tests to deter-

mine its ability to maintain a specified pressure for a

given time. The pressure rise and time will be recorded

in order that the leak rate can be established.

(c) Expected Results

The above tests are expected to prove the design con-

cepts of the canister with respect to separation mech-

anism, separation stability, and structural and vacuum

inte gr ity.

Inflation System

The inflation system tests will be conducted to prove the

functioning concept of the pressure regulating valves and

sensors and to prove the adequacy of the pressure vessel.

They will also determine the flow rate of the inflation

system and the effect of the flight environment (shock,

vibration, and temperature) on the components and on

the system.

(b) Procedures

The test of the inflation system will be conducted on a

special test setup inside a vacuum chamber. The re-

sponse of the sensors and pressure regulators will be

recorded, as well as the pressure of each system.

The inflation system (with all components) will be sub-

jected to the Scout launch environment of shock and

vibration. The system will then be retested as above
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(7)

to determine the effects of the launch environment on the

functioning of the systems and components.

(c) Expected Results

The inflation system tests should expose any design

deficiencies in the operation of the inflation systems and

its components and indicate desired corrective measures.

They also will show the effect of the launch environment

on the functioning of the system.

Stabilization System

(a) Objective

The stabilization system tests will investigate the sub-

limation rates of various materials for possible appli-

cation to the stabilization system and the spring rates of

various materials and wire sizes. The tests also will

determine the release rate of the spring, and subliming

material configurations chosen for the stabilization sys-

tem. The environmental effects of radiation on the

damper fluid and the effects of launch environment of

shock and vibration on the assembled system will also

be investigated.

(b) Procedure

Various subliming materials will be subjected to envi-

ronmental conditions of temperature and pressure. The

sublimation rate as a function of temperature and pres-

sure will be determined for each material.

Spring rate tests of various materials and wire sizes

will be conducted to determine the optimum spring ma-

terial and configuration.
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(8,)

(c)

The design configuration of spring and sublimation material

will be subjected to environmental conditions of tempera-

ture and pressure (vacuum) to determine the spring release

rate.

The assembled stabilization system will be subjected to

launch conditions of shock and vibration to determine what,

if any, detrimental effects occur on either the spring or

sublimation material.

The damper fluid will be subjected to simulated solar

radiation, and the effects of this environment will be

noted for several types of fluid.

All tests of the stabilization system will be designed so

that the effect of gravity will be kept to a minimum.

Expected Results

The results of this investigation will provide assurance of

the design possibility of the stabilization system.

Despin System

(a)

(b)

Objective

The design capability of the despin mechanism, release

mechanism, and actuating mechanism will be demon-

strated. Also the effect of launch environment (shock and

vibration) on the functioning of the despin system will be

determined.

Procedure

The despin mechanism will be installed on a dummy mock-

up of the payload (with the same weight, moment of inertia,

and cg as the real satellite). The mockup will be installed

on a rotational test fixture. The Rayload will then be spun

up to test rpm and the despin mechanism released. The

despin rate, initial rpm, and final rpm will be recorded.
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(9}

The mock payload with the despin mechanism will be

subjected to launch environmental conditions of shock

and vibration as outlined in Appendix O and retested to

determine the effect of launch environment on the func-

tioning of the system.

(c) Expected Results

It is expected that the foregoing tests will prove the

design concept of the despin mechanism and determine

the effects, if any, of launch condition of shock and

vibration on the functioning of the system and its compo-

nents.

Instrumentation

(a) Sequence Control

Objectives- In testing the sequence control system there

are several objectives to work for. These are (I) to

ensure functioning and compliance with specifications of

components in response time, repeatability, noise level,

and power requirements and(Z)to assure compatibility of

all components functioning as a unit, or system.

Procedure - All components will be tested individually

and assembled into a system. The system will then be

checked for function and continuity. High and low voltage

inputs will be used to ascertain limits. Normal sequence

functioning will be run and each override function will be

operated. Electrical noise levels and interference will

be checked. The system will be vibrated at Scout launch

spectrums and then checked again.

Expected Results - The results of these tests will indi-

cate the compatibility of the sequence times in the over-

all system and establish repeatability of time versus
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function curves. Noise interference levels will have

been ascertained and compensated for. Compliance with

specifications will be ascertained.

(b) Data Acquisition

Objectives - The objectives in the data acquisition test

will involve the data sensors - to ascertain their compli-

ance with specifications in both environmental and func-

tional qualities.

Procedure - All components will be tested for signal

output with both high and low voltage inputs. Functioning

.... _i __._ ___ ..... "11 %._ _+-_I-,I_1_,a _,4 _:_4_ _f_-{P_6_r_¢,_.

levels will be checked. Repeatability and response times

will be tabulated and component calibrations will be

established.

Expected Results - The results of these tests will indi-

• _I 4_I •cate the conipatibility oz the sensors wz_n _nezr systems.

Sensor output calibration curves will be established.

Response time and operating speeds will be determined.

Noise levels will have been ascertained and compensated

for. Compliance with specifications will be ascertained.

(c) Data Link

Objectives - The data link tests will entail objectives

such as the functioning of component parts with respect

to required specifications and the capability of all compo-

nents to function as a system.

Procedure - All components, both receiving and trans-

mitting, will be checked with varied power supply to

ascertain an operating power range. These components

will be tested for power consumption, signal strength,

noise interference, and functionability with other
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(io)

components and as a system. Antenna patterns will be

checked. All systems will be functionally checked after

vibration test of the system.

Expected Results - The results of these tests will indicate

the compatibility of the units to operate as a system. The

design specifications of the components and the system

will be established. Noise interference levels will be es-

tablished and compensated for. Signal strength and antenna

wave patterns will be confirmed.

(d) Power Supply

C)h_ectives - Obiectives of the power supply test will be to

determine component compliance with specifications and

compatibility with the requirements of all systems.

Procedure - Tests will be conducted to ascertain battery

shelf life, charge rates, discharge rates, and power out-

put. a_1 _ c_11 _=r_ rates will be tabulated. Functional

test of charge regulation systems and peak power require-

ments will be checked.

Expected Results - These tests will prove the power sup-

ply capability of maintaining all systems. It will ascertain

the charge rate ol the system, xL_= uo_,_,,=,,_. _, "

nents to design specifications will be ascertained.

R-F Ground Test Program

(a) General

The several elements of the radio-frequency ground test

program are outlined in Figure 203 and described in

Items (b) through (i), below.

(b) Model Tests (Z0-In.-Diameter)

Objective - The 20-in. diameter model tests will deter-

mine the nagnitude of the edge diffraction return with
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respect to that of the center spectral return. Another

objective will be to predict the radar return coverage

and operational capabilities of the lenticular satellite

configuration and to determine the effect of edge config-

uration on the magnitude of the edge diffraction return.

Procedure - Edge diffraction measurements on the Z0-

in. model will consist of reflectivity measurement on

the 150-ft range at X-band frequencies. Microwave

absorbing material will be placed between the model and

the transmitting horn in such a manner as to intercept

energy incident upon the center portion of the model.

Thus, as the model is rotated behind the absorb_, th_

resultant reflection pattern will be that of the edge dif-

fraction return (see Figure 204}° Four sizes of absorber

material will be used to determine the effect of varying

degrees of edge exposure.

Monostatic and bistatic reflectivity tests also will be

performed on the 150-ft reflectivity range for various

X-band frequencies and tilt angles on the model (Figure

205).

The edge configuration of the mode[ will be changed in

various ways and reflectivity patterns taken. These

patterns will then be compared to the reflectivity patterns

of the present configuration to determine the effect on

edge diffraction return, Figure 206 indicates edge mod-

ifications to be made.

Results Expected - It is anticipated that the measured

value of the edge diffraction return will more closely

correlate with the return predicted by theory and that

the over-all lenticular return coverage can be more

closely predicted at various bistatic aspect angles. It
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Figure 204 - Edge Diffraction Returns

is expected that increased radius of curvature of t_heedge

configuration or addition of absorbing i_iaterial at the ientic-

ular edge will significantly reduce the magnitude of the edge

diffraction r eturn.

Additional Model Tests (40-In. Diameter)

Ohj_-tiv_ - The objective of these tests wilI be to predict

the radar return of the additional 40-in. test model from

data analysis of the 20-in. test model measurements and

thus provide further knowledge of the return expected from

the full-scaIe lenticular satellite. To measure the radar

return coverage and capabilities of the 40-in. model for

comparison with the 20-in. model measurements and to

determine the boom and canister blockage and multiple path

effects on the lenticular return will be additional objectives.
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Figure Z05 - Diagram of Monostatic and Bistatic Reflectivity Tests
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\
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Figure )-06 - Edge Modifications
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1

J Procedure - Prediction of the expected 40-in. test model

return will be made on the basis of the reflectivity patterns

taken on the g0-in, model and also considering the dimen-

sion changes that affect the characteristics of the radar

return.

Monostatic and bistatic reflectivity measurements will be

made in the same manner as on the gO-in, model. The 40-

in. model will, however, require a Z40-ft. range due to its

larger diameter. This range length is required to provide

uniform illumination over the model aperture.

_' ..... _ _-_=+=_- _,:_,-L-_g_ and m u!tipath effects will be

measured by making reflectivity patterns of the 40-in.

model fitted with sealed models of the booms and canister.

These reflectivity patterns will then be compared to the

reflectivity patterns of the 40-ino model without booms and

canister.

Expected Results - !t is anticipated that the radar return of

the 40-in. model can be predicted from those measurements

made on the 20-in. model. Also that the angular region of

variation of return with changes of frequency will be re-

duced by Lhe iarg_ *_v_' size and *_'_+_.._.+u=_.._per_,____ of _n_

structive and destructive interference between the spectral

and edge diffraction return will be reduced due to the in-

creased h dimension of the model {Figure Z07). It is ex-

pected that the monostatic and bistatic reflectivity test data

wil! provide additional design parameter information and

determine the effect of parameter variation on the full-scale

satellite return. That the effect of boom and canister on the

radar return is negligible should also be ascertained from

these tests.
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Figure Z07 - Effect of Increased h Dimension

(d) Material Reflectivity Tests

Objective - The material reflectivity tests will measure the

reflectivity of representative lens grid materials and deter-

mine their efficiency as a microwave reflector.

Procedure - Measurements will be performed on an inter-

ferometer set-up where a sample of the grid material is

placed between a transmitting and receiving horn and the

power leakage through the grid material is measured. The

percentage of reflectivity can then be calculated from the

leakage power measured.

Expected Results - The material reflectivity tests should

show that wire mesh of proper wire size and spacing will

act as a totally conductive reflecting plate.
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]

(e)

(f)

Analysis of Mission and Ground Station Configuration

Objective - The analysis should determine the capability of

the lenticular configuration to provide a communications

[ink between representative ground stations and for a typ-

ical orbit.

Procedure - The radar return magnitude of the full-scale

model can be predicted for various aspect angles from the

previous reflectivity model tests. The range of aspect

angles over which the lenticular satellite would be required

to provide a return could then be determined for proposed

gro,.-_ _+: ..... A _ ,Fp4,-=1 _-h4e Th_ CO____rn_unications

capabilities can then be analyzed_taking into consideration

the power level transmitted, the range of return magnitude

over the aspect angles of interest_ and the sensitivity of the

ground station receiver.

........ _;m_+._, ._ -. the_x_ectea l_esults - ine ..........,a_ of !enticular satellite

for providing a communications link will be determined.

Also the maximum aspect angles and ranges from ground

stations that can be used will be established.

Rear Lens Surface Interference Test and Analysis

Objective - This analysis will determine the effect on the

lenticular radar return of energy leakage through the front

lens surface and focused and reradiated by the rear lens

surface. It should also determine the lens grid material

reflectivity required to reduce the effect of this reradiated

energy to acceptable limits.

Procedure - A 40-in. test model will be fabricated from

representative wire grid material. Reflectivity patterns of

this model will then be obtained and compared to the patterns

of the solid 40-in. model. Interference due to the rear lens
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surface return can then be measured. If the interference

variation between the reflections from the front and rear

lens surface is not acceptable, additional models fabricated

from grid materials with larger wire diameter or closer

wire spacing will be tested and a suitable material chosen.

Expected Results - It is anticipated that the magnitude of

the [enticular return variation due to lens interference

effects will be determined and that a minimum wire grid

size and spacing will be found to reduce the interference

effect to acceptable limits.

(g) Surface Tolerance Effects

Objective - These tests will determine the degradation v_-_

the lenticu[ar radar return due to surface irregularities

and deoarture from a true spherical shape.

Procedure - A g0-ft mode[ or, the 50-ft flight-test model

will be inflated and a mechanical contour check made on the

surface. A one-horninterferometer setup will then be

used to illuminate small areas of the model and to measure

return from various areas, The magnitude of the radar

return from the various areas will indicate the effect of

surface tolerance on return.

Expected Results - It is expected that a measurement of the

degradation of the lenticular return for known surface ir-

regularities will be found and that maximum values on sur-

face irregularities will be set to limit the degradation of the

radar r et_]_rn.

(h) Packaging Effects

Objective - The degradation of the [enticular radar return

due to additional surface irregularities caused by packaging

of the model in the canister should be ascertained in these

tests.



SECTION IV - TECHNICAL DISCUSSION - PHASES Ill AND IV GER-I 150Z

_r_

(i)

Procedure - A Z0-ft model or the 50-ft flight test model

will be packaged in a manner simulating the actual pack-

aging procedure that will be used on the full-scale satellites.

The model will then be inflated and mechanical and elec-

trical measurements as outlined in Item (f) above will be

made.

The magnitude of the radar return variation from the vari-

ous areas of the model will again indicate the effect of

surface irregularities.

Expected Results - The additional mechanical and electrical

measurements after packaging compared to the previous

surface tolerance measurements will show the surface ir-

regularities caused by the packaging and provide additional

data on radar ret_rn degradation. The tests will determine

whether or not packaging causes surface variations which

are within acceptable limits.

Data Analysis and Reporting

Objective - The analysis will determine the effect of design

parameters on the performance of the lenticular satellite

as a communications relay and establish configuration and

Procedure - Data analysis will be performed by comparison

of the expected theoretical return characteristics with those

characteristics obtained from reflectivity measurements.

Use of consultants and state-of-the-art theoretical considera-

tions will be made. Data will also be analyzed by compari-

son of the reflectivity patterns of the various phases of the

ground checkout program. These reflectivity measurements

are designed to isolate individual radar return characteris-

tics and provide additional information about the effect of

design parameters on these characteristics.
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C,

m

Expected Results - Configuration and material requirements

that will assure adequate performance of the lenticular sat-

ellite will be established. An accurate prediction of the

operational capabilities of the full-scale satellite is also

anticipated.

Functional Testing

(i) Objectives

The objectives of the functional tests will be to prove the opera-

tional characteristics of the prototype and flight systems and

components of the satellite package, in both ambient and spatial

envir onme nt s.

Also they should prove that launch environmental conditions of

shock and vibration will have no effect on the functional operation.

The environmental tests will be conducted in the large (80-ft

diameter) vacuum chambers at LRC and the ambient tests at

GAC.

(g) Procedure

Each system will be functionally checked after fabrication at

ambient and spatial environment to determine that it will func-

tion properly according to the design specification.

The systems will then be subjected to Scout launch environment

of shock, Vibration_and temperature as outlined in Appendix O

and retested.

A complete packaged satellite with all systems integrated as

for flight will then undergo a complete functional sequence test I

including payload separation, can.ister separation, deployment,

and inflation.

The satellite will be repackaged and the complete assembly

subjected to Scout launch environmental conditions, after which

the sequence test will be repeated.
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(3) Expected Results

The functional test is designed to prove that individual systems

and components as well as the integrated satellite package will

function properly and that the satellite will perform its assigned

tasks after being placed into orbit.

d. Checkout of Flight Payloads

(i) Objectives

These tests will check out the circuitry of all electrical sys-

tems;including an electrical deployment sequence operation, to

determine that all systems are functioning properly.

(Z) Procedure

The three spacecraft to be used for lob shots and the two for

orbiting will undergo a complete electrical cor_tin_ity checkout

and visual inspection during assembly. The electrical checkout

will be so designed that all electrical deployment sequences can

be checked for operation.

(3) Expected Results

The payload checkout tests will ensure that the spacecraft is

electrically capable of functioning as designed, when lob tests

and orbital shots are conducted.

e. Reliability Tests

(I) General

The following items will be tested in the reliability ground test

program:

I. Despin system

Z. Stabilization system components

3. Canister separation

4. Satellite deployment subsystem(complete package)
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(2)

(3)

The objectives, proceduresjand expected results of the tests

are described below.

Despin System

Objective - The objective of the despin test will be to determine

experimentally the effect of variations of dimensions and masses

on the residual spin of the packaged satellite.

Procedure - One despin mechanism with provision for rotation

will be required. The test will be conducted in vacuum.

Values of I, m, r, L, defined below, will be measured before

tests.

I = Spin moment of inertia of canister

m I

m 2

r

L =

= Mass of despin weights

= Mass of cables

= Radius of coiled cables

Length of cables

Test will be designed statistically so that effects of controlled

variations in dimensions of the elements defined above on final

or residual spin speed can be determined.

Expected Results - The probability of obtaining the required

final spin speed will be determined.

Stabilization System Components

(a) Damper

Objective - This component test will determine whether

the damper will operate satisfactorily in orbital environ-

ment for its required life after exposure to the launch

environment.
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Procedure - Launch environment vibration and acceleration

will be simulated (and overtested) followed by life test
(Z0-yr life).

Orbital radiation will be simulated (either complete damper

or fluid. If fluid is tested separately, the testing agency

will report the effect on viscosity).

Test equipment will be specified.

One sample will be required (Z0-yr life test).

Expected Results - Failure of damping fluid to resist radia-

tion is expected to be exposed by this test. Also mechanical

failures induced by the iaunci_ vibration are _xp_cted to be

exposed.

Objective - The object of this test is to determine that the

spring material can continue to function after cyclic loading

for the required satellite life.

Procedure - Simulation of launch environment will be

covered in a damper spring deployment device test.

Statistically designed torsional fatigue tests will be made

on a large number of relatively short lengths ol spr:ng

wire. Results of fatigue tests will be analyzed using ex-

treme value distribution.

Samples will be made available any time in the program.

Expected Results - This test is expected to yield a function

for the probability of successfully completing a given

number of cycles at a given stress and a given probability.

(c) Damper Spring Deployment Device

Objective - This test will determine the design charac-

teristics of the subliming material for design purposes
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(d)

and observe the initial design behavior for failure modes.

Procedure - Test will be planned to determine effect of

temperature and pressure and subliming shape on ultimate

strength and sublimation rate of subliming material used

in device (early in the design program).

Five devices of initial design will be tested;applying con-

stant load magnitude, varying direction, (simulating deploy-

ment force on spring) under the conditions of vacuum and

pressure expected. Tests will require constant observa-

tion for failure modes, and satisfact0ry operation iof

all samples.

If results of tests indicate the need for design changes, then

the design changes will be retested.

This testing will begin early in the design phase and will

probably extend to the end of it.

Expected Results - The data on subliming rates and strength

required for design and the possible failure modes of the

design are expected to be acquired.

Canister Separation

observe possible failure modes.

Procedure - The test is to be conducted in vacuum and

observed for modes of failure after exposure to launch

vibration, shock and acceleration environment.

Three samples will be required.

Expected Results Failure modes will be observed and

reported.
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(e) Satellite Deployment Sybsystem (Complete Package)

Objective - These tests will overtest the deployment sub-

system during the inflation and deflation sequence to expose

weak areas in the design.

Procedure - This will be an overtest program. The pri-

mary concern will be to establish what components, if any,

are likely to fail in the launch environment.

Three completely packaged satellites will be needed early

in the design cycle so that corrective actions can be made

if required.

The test sequence will be:

i. Functional test

Z. Launch environmental simulation of thermal

and vibration conditions at Level 1

3. Functional test

4. Launch environmental simulation of thermal

and vibration conditions at Level Z

5. Functional test

6. Launch environmental slmuia_ion of th_r_=i

and vibration conditions at Level 3.

Corrective action will be required on any component fail-

ing at Level I.

After corrective action has been incorporated in compo-

nents failing in Level i, the component will be required to

pass overtest designed statistically and conducted with

environment based on records made during Level 1 test.

Expected Results - Corrective action will be taken based on

this overtest program.
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.
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FLIGHT TEST DEVELOPMENT

a. General

The following flight test program plan encompasses the essential

prelaunch and post-launch activities associated with the orbital

flight test of the 50-ft lenticular satellite.

The plan will also be applicable for i _,,o,_ shots with the exception that

the Minitrack tracking facilities would not be required.

The test program can be divided into the following two major efforts:

i. Pr elaunch activities

2. Orbital test and support

Prelaunch activities would normally begin at T minus eight months

and continue through countdown to liftoff. The orbital test and

support will begin immediately upon liftoff and continue for the

duration of the experiment. A flight test plan and schedule of

evenLs are shown in Figures g08, _09, and _'0

The information in this section is considered to be compatible with

the requirements established in the Scout Handbook (Ref I) and in

the Wallops Station Handbook (Ref 2).

h. Prelaunch Activities

(i) General

Prelaunch activities are divided into the following three areas:

(2)

I. Flight test preparation

2. Test site operation

3. Launch pad operation

Flight Test Preparation

(a) General

Preparation for the test flight will begin approximately
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(b)

eight months prior to the scheduled launch date. This

activity includes (I) preparation and documentation of a

detailed flight plan, (Z) field coordination, and (3) r-f

compatibility tests at LTV.

Flight Plan

Administrative, technical, and operational data will be

prepared and submitted to LRC, for approval, three

months prior to the scheduled launch date.

The administrative data will include information relative

to project designation, classification levels, project

cluding Launch window, orbit inclination, ground tracking

requirements, go no-go criteria for the payload, launch

angle in azimuth and elevation, and ascent trajectory con-

Technical data will include payload din-_er_sions ai-_d-,-eights,

electrical details including schematics and drawings, oper-

ational sequence of payload, spin rate at fourth-stage burn-

out, details of the separation system, and details of the

heat shield. Ln addition, tower environmental data relative

_o payload requirements will be submitted as well as co_n-

plete requirements for tracking and data acquisition from

liftoff through termination of the experiment. Tentative

tracking and data acquisition requirements are presented

in a subsequent section of this report.

Operational data to be included in the flight plan will in-

clude personnel, space, and support requirements.

Personnel will be assigned to the project by both the con-

tractor and Langley Research Center. These assignments

cover engineering personnel, mechanical services personnel,
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(c)

and downrange personnel. Support equipment requirements

include an area for mechanical assembly and handling of

live rocket motors, dynamic balancing facility for vertical

balancing of the payload, a facility for determining weights,

cg, and moments of inertias. A work area will also be re-

quired for instrumentation checkout.

In addition to the above information, a detailed plan of op-

eration will be prepared as outlined in Figure 209 and Fig-

ure 210.

Field Coordination

General - Field coordination will be required with the Project

Office at Langley Research Center and with the Wallops Z

Island project engineer assigned to the program by the Wal-

•_= _=_ _u_. _h_ o._._.v_y ,_._J. start six i_,Oil_s prior

to the date of launch and continue throughout the program.

All preliminary discussions relative to the test program

will be carried on between the Wallops Project Engineer

(WPE) and the Contractor's Project Engineer (CPE). The

WPE will be responsible for coordinating the requirements

of the contractor with the Wallops Station Flight Test Divi-

sion and other range activities durin_ prelaunch activities

and countdown operations.

At approximately four months from launch a general test

program description will be submitted to the Director,

Wallops Station, and will contain the following information:

(i) test description, (2) test vehicle description, (3) payload

description, and (4) safety information.

Long-Range Plannin_ and Schedulin_ - Once the above pre-

liminary information has been submitted, the contractor

must prepare and submit his long-range planning and
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scheduling data. This document will be submitted three

months prior to the scheduled test date and will include

the following information:

i. Drawings - The drawings will give all details

necessary for proper assembly of the vehicle,

schematics, and wiring diagrams of all pyro-

technic circuits and umbilical connections.

Z. Weight Data - The weight data will include

launch weight, weight versus time curve,

and weights of additional parts, such as heat

shields, fairings, nozzle extension, etc.

3. Performance Data - Performance data re-

quirements include all trajectory information

for normal conditions and for all possible

abnormal conditions. Plots will be required

showing altitude versus range to impact for

each stage, altitude versus time, velocity

versus time for each stage, acceleration

versus time for each stage, and drag curves

versus roach number for each stage during

burning and nonburnin_. In addition, the igni-

tion and burnout times of each stage are re-

quired along with a preliminary dispersion

analysis of impact areas in terms of I, Z, and

3 sigma curves.

4. Launcher Information - Launcher informa-

tion will include type of launcher required

and any special launcher requirements rel-

ative to special pad preparation or work

platforms.

-537 -



SECTION IV - TECHNICAL DISCUSSION- PHASES III AND IV GER-1150Z

5. Launch Conditions - The elevation and azimuth

angles must be determined along with allow-

able adjustments for purposes of range safe-

ty. In addition, all information relative to

the launch window must be presented.

6. Cancellation Conditions - All conditions that

would require postponement or cancellation

of the launch other than equipment malfunc-

tions must be stated. These may include

such items as maximum wind, clouds and

visibility, temperature extremes, precip-

itation, _............._u,-_,u,Ly, etc.

7. Wallops Support Requirements - This section

of the planning document will contain in-

formation concerning the amount of support

required from ,,_u_= _,_=_ and includes

the services of the stanuaru._ laboratory,

meteorological section, instrumentation and

range control systems, vehicle preparation,

and launching services, data reduction, photo-

graphic section_and down-range instrumenta-

tion. Other support i_ems, such as offic=

and work space, furniture, etc., should also

be listed.

Instrumentation requirements include skin

and beacon tracking, telemetry data, com-

mand control, range time, and communica-

tions.

Master Countdown Document -A master countdown docu-

ment will be prepared and submitted to the Director,

Wallops Station, at least 30 days before the scheduled test
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date. This document will contain detailed procedures to

be followed during countdown operations and include the

following:

I. ]Electronic systems - This section of the master

countdown document will include a precountdown

check list that will outline station manning re-

quirements, vehicle check items, blockhouse

check list, and range and communications

check lists. In addition, procedures will be

established for the checkout of the vehicle

and payload instrumentation systems, com-

mand destruct, guidance, guida_ce-ignition

programmer, and an over-all systems close-

out procedure.

Z. Nitrogen and hydrogen peroxide servicing -

This section of the master countdown will

include procedures for off-site preparation,

servicing, topping off, hydrogen peroxide

system test and monitor, and abort. In addi-

tion, detailed procedures will be developed

for the servicing crew.

3. Vehicle launcher securing - Procedures for

vehicle shakedown inspection and securing,

tower heating, and air-conditioning equip-

ment, and vehicle tower securing will be pre-

sented in this section.

4. Arming countdown - Arming countdown pro-

cedures will be prepared to perform open

circuit voltage checks, ohm meter calibra-

tion, ground resistance measurements, igni-

tion timer checks, and resistance measure-

ments.
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5. Terminal countdown - Terminal countdown

will begin at T-30 rain and continue through

liftoff. In addition to listing conditions at

start of countdown, a detailed procedure

depicting sequence of events as a function of

time will be outlined. These events will in-

clude the following: Energize ignition battery

heaters, open tower platform, record ambient

temperatures, remote torquing check, un-

cage system-operational test, instrumenta-

tion test-vehicle and P/Z, confirmation of

ignition battery heater cycling, confirmation

that N Z pressures are satisfactory, con-

fir_--__tion of range readiness, confirmation

of payload readiness, Wallops station check,

warmup burps, arming, :__:_:A __.....

tests, activation of ignition key, no-load

voltage checks, load check, burp test, activa-

tion of l°/L power, launch console check,

start of sequencer, instrumentation check

using internal power, activation of guidance

internal power, iaunch vehicle Lo prup_

launch angle, starting of recorders, uncaging

of pitch, roll, and yaw gyros, release of

range programmer, reset of command, re-

moval of umbilical cables, voice countdown.

6. Emergency procedures - Emergency pro-

cedures will be established and presented in

a separate section of the master countdown

document. These procedures are established

in the event that it becomes necessary to

troubleshoot or otherwise defer the count-

down.
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(3)

. Recovery period procedure - The recovery

period is defined as the time between dress

rehearsal and operational countdown. Pro-

cedures for this operation will be included

as part of the master countdown document

and involve retraction of the vehicle to the

vertical position, recovery, and reinstalla-

tion of all umbilical and flyaways, connection

of tower environmental control equipment,

reconnect to external power, verify installa-

tion of mechanical safety pins, etc. , for

each section,

(d) R-F Compatibility Tests

accordance with Specifications MIL-I-6181D and MIL-I-

26600. These tests will be conducted using the facilities

at LTV approximately three months prior to the scheduled

te st date.

Test Site Operation

(a) General

At approximately two months before the scheduled test

date, control of the program will be transferred t0 the

field working group. Action will be initiated by a meeting

between the contractor's field personnel and the Wallops

Station pro_ect engineer. During this meeting a complete

project review will be made and all parameters for the

mission will be verified.

(b) Hangar Preparation and Ground-Support Equipment

Part of the support services required for the program in-

cludes adequate work area for preparation and preflight
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tests of the payload and vehicle. The area should also be

approved for handling and storing live rocket motors and

equipped with overhead hoist. An air-pressure supply

should also be available for operation of air-driven drill

motor s.

Other support facilities that will be required include the

following"

i. Dynamic balancing facility for vertical bal-

ancing of payload

Z. Facility for determining center-of-gravity,

mo._._ents of inertias: and payload weight.

This facility should include a swing ring,

transit, calibrated weight scales, and an

overhead hoist.

3. Instrumentation checkout and work area

equipped with 50-an__._p, l15-v, 60-cps

service for operation of test and ground

checkout equipment. The area should be

relatively dust free and reasonably air condi-

tioned.

4. Vacuum facility consisting of an oil dilluslon

pumping system will be required to main-

tain internal pressure of the payload canister

at20u or less.

5. Safety equipment such as hard hats and in-

sect repellant will be required.

6. An_office area near the blockhouse is re-

quired for payload administrative personnel.

This area should be equipped with at least

three desks and two phones, one of which can
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(c)

(d)

(e)

be used to make long-distance calls after

normal working hours. An intercom con.-.

nected to the Wallops network should also

be available.

Transportation services will be required to

transport the payload between facilities.

Countdown Meeting of Field Personnel

A meeting will be held two months before the scheduled

launch date to finalize the information to be included in

the master countdown operations plan.

Payload Receiving and Inspection

The payload should arrive at Wallops Station no later than

one _=,_,_a. mo,_, _.c _**_ o,_**_d_,_d test _a_. Upon

arrival at the test site, the payload will be uncrated and

given a thorough visual check to make sure that it arrived

in an undamaged condition. Following the visual check, a

functional test will be made of the electronic systems to

determine whether or not damage was sustained during

delivery from the factory.

Payload Test and Checkout

With the assumption that preliminary checks mentioned in

the preceding paragraphs reveal no damage or cause for

corrective action, a complete test and checkout of the pay-

load will be accomplished in accordance with established

test procedures. The main base telemetering station will

be required periodically during the instrumentation check-

out. The various stages of the Scout vehicle will undergo

test and checkout concurrently with the above tests on the

payload. These tests are expected to consume approxi-

mately five working days.
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(f)

(g)

Countdown Procedure Verified

At approximately one month prior to the test date a count-

down meeting will be held to verify and/or finalize the

master countdown procedures to be followed during opera-

tions at the launch pad. This meeting will be attended by

the contractor's project engineer, Wallops project engineer,

and section heads of the various support sections designated

by the Wallops Project Engineer.

Final Range-Safety Data

A range safety plan that will delineate procedures to be

follovced by all personnel involved in preparation of the pay-

load and vehicle prior to and during launch will be pre-

pared by the range safety section. The plan will include

the following data:

i. Responsibility for implementation of safety

r equir e_nent s

2. A description of the vehicle motor, igniters,

squib characteristics, and method of actua-

tion. Minimum and recommended firing cur-

rents and squib resistance are also required

3. Description of auxiliary pyrotechnic devices

4. Description of the destruct system

5. Pyrotechnic checkout,, staging, and pre-

cautions procedures at the launch area

6. Abort and recovery procedures

7. Area definitions relative to the launch area,

launch pad, hazard area, etc.

8. Times of caution and/or danger during count-

down or preparations for countdown.
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(4)

9. R-f energy requirements and/or restric-

tions

i0. Use of warning systems

1 i. Requirements and/or restrictions relative

to types of tests to be conducted

(h) Systems Test

Upon completion of subsystems test and checkout, the pay-

load will be mounted to the fourth stage and together they

will be given a complete dynamic balance. The center of

gravity and moments of inertia will be determined during

this operation. After satisfactory completion of the sys-

tems tests the vehicle and payload will be disassembled

and moved to Wallops Island for reassembly on the launch

pad.

Launch Pad Operations

(a) Vehicle Assembly and Checkout

General - After delivery of the payload and vehicle to the

launch pad, these units will be assembled into the final flight

configuration and undergo a complete test and checkout as an

operating system. ]:'our oays are a_u_=_ for the ce._..p!ete

operation of disassembly at the test site, transporting all

units to the launch pad, and reassembly. Two days will be

required, starting at T minus i0 working days, to install

the heat shield and erect the vehicle on the tower.

Vehicle Checkout - The vehicle electronics system will be

tested with the payload in an operational status. The pur-

pose of this test is to ensure r-f compatibility between the

payload and Scout vehicle. This test will be performed

during the seventh day prior to launch.
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Payload Operation and Checkout - The payload will be

given its final checkout prior to start of countdown during

the sixth working day prior to launch. During this time,

telemetry and beacon checks will be made along with the

instrumentation, power supplies, and the command control

receiver. Services of Wallops main base telemetry sta-

_'^-_u_will be required during the above tests.

Launcher Operational Checks - Launcher operational

checks will begin five days before launch. These checks

will include, but will not be limited to the following: (I)

installation of lanyards and flyaways, (2) tower heating

and air-conditioning systems, (3) electrical verification

tests, (4) inspection and conditioning of all mechanical

interface connections, and (5) simulated flight test to prove

combined vehicle, payload, range, and procedural compat-

ibility. R-f co_.patibility checks _i,-,,v_._.. also become a part

'of the_ tests.

Vehicle Ignition Checkout - Priority will be established

for checkout of the vehicle ignition system during the fourth

day before launch. These tests will include ground and

continuity checks of ignition switches and monitoring cir-

cuits for each stage. No payload checks will be made

during this time.

Pyrotechnics Installed - The flight pyrotechnics will be

installed during the third working day prior to the sched-

uled launch day. Bridge wire resistance measurements

will be made and the firing circuits and shields will be

tested for continuity. An orderly procedure will be pro-

vided for the performance and documentation of each

check. All readings will be compared with reference

values to verify that resistance of the pyrotechnics has
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C.

not changed and that an open circuit does not exist due to

improper connections or wire breakage.

Final Inspection - Final inspection of the vehicle and pay-

load will be made to verify complete readiness of the ve-

hicle and all systems for launch. This activity will occur

two days before the scheduled launch day.

Dress Rehearsal - A complete dress rehearsal for launch-

ing the test vehicle will be made the day before the sched-

uled launch day. Procedure for the dress rehearsal will

be the same as those outlined in the master countdown docu-

ment. This will include an electronics system, nitrogen

and hydrogen servicing, vehicle/launcher securing procedurep

arming, terminal countdown, and a recovery period pro-

cedure.

(b) Launch

Countdown for launching the vehicle will begin approximately

six hours before launch time. A time schedule of the vari-

ous events is presented in Figure ZI0o Actual countdown

will begin with electronic systems checkout starting at T-

5.75 hr. Details of the complete countdown procedure will

be contained in the master countdown document.

(c) Backup Unit

A backup payload and vehicle will be available at the test

site in the event of catastrophic malfunctions detected prior

to actual launch or in the event that the flight must be aborted

subsequent to launch.

Orbital Test and Support

(I) General

Orbit test and support activities include mission experiment,

tracking, data collection and processing_ and data evaluation
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(2)

(3)

(4)

and analysis. Operation plans for each area are discussed in

subsequent paragraphs.

Stabilization System

It has been estimated that oscillations in the roll axis will be on

the order of 2 cycles per orbit, and in the pitch axis approx-

imately V_'or 1.7 cycles per orbit. Therefore, a minimum of

four measurements must be made during each orbit to evaluate

the stabilization system.

R-F Reflectivity Measurements

All the parameters for conducting the r-f experiment have not

as yet been established. However, in general, it can be con-

cluded that bistatic reflectivity measurements will be made

during the time when the ground path of the sateiiite's orbit is

within the continental limits of the United States. The frequency

of the signal and type of modulation will be determined from

results obtained during ground tests.

Mission Experiment

The primary objective of the experiment is to prove the feasi-

bility of using gravity-gradient stabilization techniques for large

passive communications satellites. Secondary objectives are to

evaluate r-f reflectivity characteristics ol the lentlcular shape

and to prove feasibility of using the proposed deployment and

inflation techniques for the full-scale model. To accomplish

these objectives, an instrumentation system will be designed

and installed as part of the payload.

The onboard instrumentation system will be used for the meas-

urement, storage, and transmission of test data. Basically,

the system consists of a commutator, a voltage-controlled

oscillator, tape recorder, command control receiver, beacon,

programmer, sensors, and signal conditioners. Functions of
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(s)

the sequence and control system, and the inflation and rigidiza-

tion system will be monitored throughout deployment of the

satellite. Once deployment is complete, power will be switched

to the orbital orientation functions for monitoring attitude and

temperatures for the duration of the mission experiment. The

commutator is employed to sample the output sequentially from

e_ sensor _ a rate of two _ -'_=am_ per second. The result-

ing pulse train is then used to modulate the voltage-controlled

oscillator. The modulated output from the oscillator is then

recorded on magnetic tape for storage, and subsequent play-

back upon command from one of the ground receiving stations.

The command receiver will also here a channel to permit real-

time monitoring of the data when the satellite is within r-f

range of a receiving station. The command receiver will oper-

ate at an assigned frequency in the 148-mc band, and interroga-

tion signals will be provided by the Collins Z4ZG-Z vhf trans-

mitter installed at the receiving sites.

A beacon transmitter will be provided to perform two functions.

The first of these is to generate the signal necessary for track-

ing by the ground receiving stations and the second is to tele-

meter the data obtained by the instrumentation system. The

138-rnc frequency band. This system was selected because of

its compatibility with the Minitrack tracking network.

Tracking

During liftoff and ascent to orbital injection, the tracking facil-

ities of Wallops Island, Wallops telemetry ship, and Bermuda

will be required. In addition, the Minitrack station located at

Fort Myers, Florida, may be used to provide backup data.

A list of equipment required during this portion of the flight is

presented in Table LII and includes radar optics, telemetry,

command destruct, and communications.
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(6)

During the remainder of the orbital flight and throughout mis-

sion life of the experiment;the tracking and data acquisition

functions will be performed by facilities of the Minitrack track-

ing network. The stations along with their geodetic locations

and the orbits during which their tracking services will be re-

quired are presented in Tables LiII Z6 and LIV, respectively.

Note _h_ an _*_,_,_ ship will have to be provided for track-

ing and command functions during the deployment sequence,

since these events will occur during a time when the satellite

is out of r-f range with a Minitrack tracking station.

Assuming that the satellite_s orbit is circular at an altitude of

800 naut mi, the period would be appr-ux_m_y'"_-- I15 rain, an_._

during the thirteenth orbit, the ground path of the first orbit

would essentially be repeated. Also, with the satellite at 800

naut mi the r-f line-of-sight from horizon to horizon will be

approximately 5000 naut mi. A plot showing earth's ground

,_,-_',-, for ti_e fir _+_:ig o_*_,_ _.... ese_ed in Figure gll The

envelope of the composite r-f coverage of the Minitrack net-

work is also plotted. In addition to the above plot_ the length

of time that the satellite will be in view from each station dur-

ing the first 13 orbits was determined. These data are pre-

Data Collection and Processing

The acquisition of test data from onboard instrumentation will

be obtained from each tracking station in accordance with a

schedule to be outlined in the operations plan. In general_

however, the received telemetry signal will be demodulated

and the video output from the receiver will be recorded on

magnetic tape along with a reference frequency that can be

used for compensation of data error due to wow and flutter

characteristics of different tape recorders. The output from
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(7)

a binary time code generator and voice commentary will also

be recorded on separate tracks of the magnetic tape. These

tapes will then be sent to Wallops Station for further process-

ing and data evaluation.

Data Evaluation and Analysis

Evaluation and analysis of the telemetered data will be per-

formed jointly by personnel assigned to the program by Langley

Research Center and by the payload contractor. Results from

the analysis will then be published in progress reports and sub-

sequently in a final report.

TABLE LIII GEODETIC ...... ,_ ,_- _TXTTm_ A_W .qTATTONS

Station location

B!osso_m_ Point, Md.

For: Meyers, Fla.

East Grand Forks, Minn.

Esselen Park, South Africa

Woomera, Australia

r-_1__ _ .... T -I.- (_-_ 14 _

Quito, Ecuador

Fairbanks, Alaska

Lirna, Peru

Antofagasta, Chile

Santiago, Chile

Winkfield, England

Instrument Ship*

East

Longitude

Z8Z -54-48

307-!6-43

278-08-03

26Z-59-ZI

028-14-28

136-46-59

281 -25- 14.

212-09-47.

282-50-58.

289-43-36.

289-19-51.

359-18-14.

150-00-00

170

240

887

556

376

52

776

77

387

184

838

283

615

Latitude

N-38-25-49. 718

N-47-44-29. 049

N-26-32-53.516

N-48-01-Z0. 668

S-Z6-01-56. 845

S-31-06-09.49

N-35- 19-48. 525

S-00-37-ZI. 751

Elevation (ft)

15

400

11.56

823

5370

510

3044

11703

N-64-52-18.591

S-II-46-36.492

S-23-37-15.993

S-33-08-58.106

N-51-26-44.122

N-15-00-00

527

161

1703

ZZ80

Z15

0

Due to mobility of the instrument ship, location is approximated.
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Figure ZII - Flight Test Orbits and Operational Sequences for 800-1Viile Orbit
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SECTION V - LENTICULAR SATELLITE TRADE-OFF STUDIES

I. GENERAL

r-_Ac._,research .... development funded _y_rn studies were conduuL_u-_-= to

complement the lenticular satellite development program and to aid future

planning in terms of potential capability and best application. This effort

involved communication system considerations and parametric trades.

Certain significant aspects are summarized below.

REVIEW OF LENTICULAR CONCEPT AND GEOMETIKY

Because of the ground station and satellite orbit geometry, only a small

portion of a spherical satellite, such as Echo, is required for radio re-

flection between two points on the earth at any particular time. The ien-

the material that would have comprised a sphere to form a lenticular

shape with a larger radius of curvature, _), and hence a much larger re-

proportional to_ Z for a given weight.
flection cross-section, which is

A lenticular shape is defined as the spherical cap formed by the intersec-

tending from the center of curvature to the sphere-plane intersection.

For a single-relay satellite communication system, the required lenticu-

far angle, 0, is a function of orbital altitude and can be defined simply as

the angle from the satellite that subtends the earth's horizon. As the

orbital height, H, increases, the lenticular angle decreases, which gives

a lenticular advantage with altitude. Plots of the lenticular angle and the

lenticular advantage over an equivalent-weight sphere in the form of

O_/p for a reference altitude of 1700 naut mi are plotted versus orbitalo

altitude in Figure Z14. The values are also given in Table LV.
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TABLE LV - LENTICULAR ANGLE AND LENTICULAR

ADVANTAGE FOR VARIOUS ORBITAL ALTITUDES

@ (deg) a/o
O

H (naut mi)

i, 000

2,000

3,000

5, 000

10,000

20, 313

i01.6

78.4

64.6

48.0

59.6

17.4

0.5

I.i

1.7

3.1

8.1

23.3

The possibility of employing a lenticular angle reduced from the simple

criterion above to yield a further advantage in weight or reflection cross-

section is discussed in Item 6, "henticular Angle Criteria and Coverage,"

below.

The ienticula ....... ._±__te____ploys an oriented reflecting surface and, as

such, incorporates a stabilization and damping system.

3. LENTICULAR PHYSICAL CI-IARACTERISTICS AND WEIGHT SCALING

The present full-scale lenticular design weighs about IZ50 Ib, including

canister and deployment equipment and material, it _as a radius ol curva-

ture of 200 ft, a lenticular angle of 84 deg, and a diameter of 267 ft. Plots

of scaled weight, W, versus lenticular angle for several curvatures and

versus satellite diameter, D, are shown in Figure 215, based upon the

following scaling relationship:

2
= W 0
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Figure 215 - Satellite Weight versus Lenticular Angle and Diameter

4. _?I!CP.OWAVE CO_'vINIUNICATION PARAMETERS

A passive satellite relay communication system involves the propagation

of signals through large distances with resulting attenuation effects. Sys-

tem considerations involve the parametric trades that can be made. A

system of satellites is assumed here. sufficient t_ n_v_ _ _,_,] .... ]_..

satellite within the common region of the fields of view of two ground sta-

tions. The conditions for its achievement are discussed in Item 6, "Len-

ticular Angle Criteria and Coverage, " below.

Power is generated in a transmitter, radiated from an antenna, propagated

to the reflecting satellite, reradiated, propagated back to a receiving an-

tenna, detected, and processed. The information is encoded by the tech-

nique of modulation. The amount of information achievable is related to

the band width and noise level. Band width (B) is related to power,

carrier-to-noise ratio (C/N), and a reception characteristic customarily

expressed as the receiver noise temperature (TR).

-- .j _) f_ --
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If the transmitting antenna has an actual gain of G T and radiates power of
Z

PT watts, the power density at a distance Z 1 will be GTPT/47rL 1 . The

microwave reflection cross section of a lenticular section is the same as

2
that of a sphere and is a = 7rp . This can be illustrated simply in a mono-

static case. The amount of power intercepted by a lenticular section

axially illuminated is equal to the product of the power density and the pro-

jected area 7rp2 sin Z 0/Z. The lenticular section radiates this energy into

a solid angle of 27(1 - cos@). The reradiated power density at a distance

L Z will then be (GTPT/4ZLI2)(TrpZ/47TLzZ), an expression identical to that

for a spherical satellite of isotropically scattering cross section a = _.pZ.

2

Thus, the effective lenticular area is _'p . The amount of power (PR)

received by an antenna is equal to the product of the power density and the

effective collecting area (AI_). Since isotropic gain is 47rA/A _, an expres-

sion for free-space path loss (Z) results upon rearranging in the customary

form

PR
L-

PT

GTGRGs A4

(4_.)4L1ZLz z '

and band width is

P
R

B -

CKT R

PTGTGRGs _

_KTR(47r)4LI ZLz Z '

expressed in terms of ground station and relay gain (or area if converted

directly through the relationship between gain and area as a function of

wave length or frequency).
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It is customary in communication engineering to perform calculations in

the convenient form of decibels. The band width equation becomes:

C

B = PT +GT - _I +GS " _Z +GR + KTR - N'

with isotropic path loss

01 = 38 + Z0 log L I + Z0 log f.

2

It can be seen that band width is directly proportional to PT' GT' GR' P

(AT, AR ' fZ) and inversely proportional to C/N, T R, 2_Z, L12 and LZ Z

. LENTICULAP_ COMSAT COMMUNICATION SYSTEM CAPABILITY

Communication capability can be illustrated through parametric band-

width considerations. Consideration of existing ground terminals, such

as Telstar, Comsat, and Syncom II_ indicates that a reference ground

terminal condition might be PT

_na_ A PT%._/ J.N &.;A "XU.

%.lJ.L.J.U il.

of I0 kw, D R of 85 ft, T R of 58 K, f of

of I00 kw would also be a reasonable con-

In Figure Z16 equivalent reflected power is plotted versus slant range for

parametric values of lenticular curvature and transmitter power. It can

be seen that sizable numbers of watts of equivalent reflected power as

defined by the equation can be achieved with the lenticular satellite.

The communication band width achievable with the lenticular satellite in

a moderately low orbit of Z000 naut mi is shown in Figure Z I7 as a func-

tion of receiving antenna diameter for typical parametric conditions of

lenticular cross section, main terminal transmitting power, and receiver

noise temperature. The chart is equally applicable to communication

back from the remote to the main terminal if the values of transmitting

power shown are reduced by the ratio of receiver noise temperature. A

few teletype or voice channels are achievable with very small receiving

antennas, and broadcast capability is possible.
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The weight of an Echo-type passive satellite scaled to synchronous orbit

becomes prohibitive because of the large diameter required to balance the

square law is.tropic path loss. However, the lenticular concept provides

a weight advantage with altitude, which effectively cancels the one-way

path loss at higher altitudes. Hence, the situation becomes somewhat _

analogous to that of active systems, and the capability of a few satellites

to provide contlnuous servlce w_L_uut nanaover at synchronous orbit war-

rants their consideration for lenticular passive satellite applications.

However, station keeping and gravity-gradient stabilization of synchronous

systems are problems requiring further consideration. Figure 218 plots

band width versus satellite diameter at synchronous orbit for several

ground environments. Values of satellite ...._t _ -_.-. ....s_ _,_ _ of curvature

are also shown on the abscissa. A lenticular angle of Z0 deg was assumed,

with weight and radius of curvature scaled from the current lenticular de-

sign.

. LENTICULAR ANGLE CRITERIA AND COVERAGE CONSIDERATIONS

It was shown earlier that the l_nt_r_l=_ _ ..... *_--................ _ ........ possesses a radio

reflection cross section-to-weight advantage over a sphere. Preliminary

study results indicate that a further advantage in weight or reflection

cross section can be achieved through the use of smaller lenticular angles

than specified by the si_i_I= hu_i_on _ubgending criterion described previ-

ously and used in the present preliminary design. An improvement of

between 5 to i0 db is achievable. However, the number of satellites and

hand.vet frequency to provide a desired service continuity are increased.

Several considerations are involved.

First, ground terminal coverage down to the horizon is impractical for

both the transmitter and receiver. The minimum value of usable antenna

beam elevation angle (6) is typically between 5 to i0 deg above the horizon.

Second, for two ground terminals separated a distance S, a limiting con-

dition exists for mutual visibility of a satellite orbiting at altitude H. The
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lenticular angle required is specified at the maximum extension of the

mutual visibility region and becomes smaller at greater station separa-

tion.

Third, lenticular angles smaller than required for use throughout the

mutual visibility region can be employed• The lenticular mutual com-

_unication region is then smaller, which requires a greater number of

satellites to provide a desired relay service probability• However, in-

creased band width or reduced weight in orbit results•

In all cases, because the lenticular satellite is an oriented configuration,

the usable angle is smaller than the configurational value due to stabiliza-

tion and damping error.

The lenticular angle required for relay communication throughout the

mutual visibility region of two ground terminals (sphere equivalent cover-

age) is given in Table LVI and shown in _'igure Zi9 as a function of

orbital altitude for typical parametric conditions of terminal separations

and minimum usable elevation angle (£).

TABLE LVI - LENTICULAR ANGLE AS FUNCTION OF

COMMUNICATION LINKS

H

(naut mi)

i, 000

2, 000

3, 000

4, 000

6,000

8, 000

I0, 000

v

S: O,

£: 0

(deg)

101.6

78.4

64.6

55.1

42.7

35.0

29.6

v

S: 0,
£= i0

(deg)

99•4

77.0

63•4

54. 1

4Z. 0

34.4

Z9.1

A

S = Z000,
£= 5

(deg)

9Z.5

73. Z

61.8

52.0

33.0

@

S : 3000,

6:5
(deg)

77.8

66.5

57. 0

48. Z

31.1

O

S : 400C

6= 5

(deg)

33•i

54_9

49.6

42.7

Z8.4
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Figure ZZ0 shows the mutual visibility region and the lenticular coverage

regions of 30- and 40-deg lenticular satellites in a Z000-naut-mi circular

orbit for a 5-deg minimum elevation and several station separations at

zero latitude. It can be seen that the mutual visibility region of two

ground terminals is of a somewhat lenticular shape with the major axis

normal to a line connecting the two stations. The lenticular satellite

mutual communication region is of somewhat elliptical shape with the

major axis aligned with the terminals, modified in some cases by the

elevation limit. As the lenticular angle is reduced below that value just

providing full coverage of the mutual visibility region, the area of the

mutual communication region is reduced. Hence, more satellites are

required, and their individual .... "- of use suu±_Liun r_-_=_P_--_ _--_ reduced. How-

ever, their individual weight is less, and the communication path loss is

reduced since the slant range is less. A net advantage in communication

band width, or weight in orbit, results for reduced lenticular angle. The

e._......._ _ _.o.___ shown in Figure ZZ0 gives an approximate constant circuit

- - i...... _ ..... _t-'c_1 an<;le of band width for constantDroD_biilty ±-_:_±_.::__:,.ipw]_n ±...._, __ar o

weight in orbit and orbital weight for constant band width for a worldwide

random system. Area ratios and communication band width or orbital

weight advantages are tabulated. The coverage regions shown are for il-

lustration only, and the values of advantage or improvement given are ref-

erenced to --_........ 4.._1_# rnvera_e._ ...... -i......... _ The advantage would be greater

if referenced to the present preliminary design employing a lenticular

angle of 84 deg. Terminals actually on the equator could of couse employ

an equatorial orbit with the number of satellites dependent on the longitude

width of the coverage region.

Figure ZZI presents a polar stereographic plot of the mutual visibility and

lenticular coverage zones for a typical link from Eastern United States to

Western Europe. Two terminals are spaced 3000 naut mi at 45 deg north

latitude. Orbital altitude is Z000 naut mi. Lenticular angles are 66. 5,

40, and 30 deg. Probabilities of communication relay for a single satellite
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7.

are 0.089, 0.045, and 0.031 for optimum orbit inclinations of 90, 62, and

59 deg, respectively. The number of satellites required for 90-percent

service in a random system would be Z5, 50, and 73, and twice these

numbers for 99-percent service.

The conditions to achieve satellite relay continuity for a network of ground

terminals is a complex consideration not within the scope of the present

contract. Typical considerations include ground _-_'^s_=_l_n location, satellite

visibility and duration, orbital elements, random and spaced systems,

number of satellites, outages, handover, and multiple access. Economic

optimization further involves launch propulsion and ground terminal charac-

teristics. Figure ZZ2 shows general information for the number of satel-

--__ _i_:_._ .... -+u ..... =+-_- _-_*_r_ of service prob-

ability and station separation. Conditions are worldwide two-station relay

from a circular orbit random satellite system with a five-degree mini-

mum usable elevation angle. The number of satellites can be reduced by

optimum orbit ....s_±_c_1on for specific station locations and by station keep-

:-'_:s-in spaced system=_ ....T_ .........._m%_rof ___*=]l_*_s will increase for reduced

ienticular angles and for multiple access between several stations.

ADVAN,LED LENTICULAR CONCEPT FOR SYNCHRONOUS ORBIT

An important result of the system trade-off studies is the disclosure of

the lenticular satellite potential for a synchronous u_biL _y_teii_. T......

cally reflecting passive satellites, such as Echo, have not been considered

seriously for synchronous orbit because of the fourth-power communica-

tion relay path loss with distance to the satellite. However, the lenticular

advantage over a sphere, described in Item Z, and the lenticular weight

scaling relationship, shown in Item 3, yield an effective path loss, de-

scribed in Item 4, which for constant weight varies approximately as the

second power of distance, as described in Item 5, and results in sizable

band-width potential, as also sl_own in Item 5.

The further application of such recent space system developments as
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improvement in ground transmitting, receiving, and antenna systems,

large payload launch vehicles, orbital placement and station keeping

through solar sailing, improved space structures and materials, and

improved gravity-gradient stabilization and damping systems, could al-

low a synchronous lenticular communication satellite system that pro-

vides thousands of megacycles of band width at signal levels adequate for

mobile station and television broadcast applications. Figure 2Z3 shows

the communication capability possible. The synchronous system trades

increased launch cost per satellite and increased ground transmitter cost

for reduction in cost or complexity of many parameters. Sizable benefits

of the synchronous system occur in such areas as multiple access, num-

ber of satellites, tracking equipment, satellite assignment bookkeeping,

receiver noise tennperature_ and signal variation from path loss.

A more detailed discussion oi this advamced _I_I_-_-.,I__concept for syn.

chronous orbit is given in Appendix P.

v. _-'_ .... _ n___..,_o _ND RECOMMENDATIONS

S_udies to date indicate a large potential capability for lenticular satellite

communication systems. Zenticular satellite system development should

be continued to further advance the technology and to prove lenticular ca-

pability.

Further work is recommended in the areas of _L,_._,._.._"_ :_:-_'_ ....._t_Is.

microwave, configuration_ solar sailing, reliability, models, tests, and

system studies of both 2000- to6000-mi and synchronous-orbit systems.

The system studies should incorporate advances in space systems and

communication technology and should consider advanced concepts for both

commercial and military applications.

A high pay-off area is the search for a self-deploying satellite design.

A large increase in radio reflection area-to-mass ratio would result from

elimination of the film bladder and its supporting inflation equipment of
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the present design. Accomplishment might be through configuration,

structure, materials, or application of physical principles in new con-

cepts. For illustration, consider a grid of small fiberglass type threads

that retains structural memory and that packages without yielding or

creeping. This type of lens material together with the present torus rim

and auxiliary deployment aids might result in an appreciable weight re-

duction.

The following technological advances point to synchronous orbit application

of lenticular satellites: efficient gravity gradient dampers, possibility of

long lightweight booms and potential of gravity-gradient stabilization at

higher altitudes, potential of grid structures for equalizing solar perturb-

ance torques, better understanding of space er.vironment effects, and

suci_ orbital perturbations as the solar pressure effect on Echo, advances

in communication ground equipment, and large payload .... _"±_unc_ vehicles.

Suggested development areas include the following.

i. Design study for satellites using smaller lenticular

angles

Z. Study of solar sailing to determine benefits and to

establish practical requirements

• oLu_y of gravity-gradient stabilization and damping

at higher altltude_ to cstab!J_h practicability and

to determine design considerations

4. Study of satellite magnetic torquing to establish

practicability and to determine design considerations.

Uniformity of the earth's magnetic field for syn-

chronous orbit simplifies the problem•

5. Investigation of solar sail materials, including con-

trol of reflection-transmission characteristics

through electrostatic potential
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o System study to expose promising considerations

and applications from a total comsat system aspect

and to expose prob]em areas and potential solutions.

As shown in Figure 223 and Appendix P_ a very significant communication

capability can be achieved with a synchronous lenticular satellite system

orbited by the Thor Delta. It is recommended that a design program be

implemented incorporating the above studies to develop a synchronous

lenticular design meeting Thor Delta payload requirements.
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SECTION VI - CONCLUSIONS AND RECOMMENDATIONS

I. CONCLUSIONS

The results of this research and development program clearly indicate

that the gravity-gradient-stabilized lenticular satellite is feasible and

that significant performance data for a communications system evalua-

tion can be obtained from a 50-ft flight-test satellite. Theoretical and

experimental investigations resulted in similar lenticular satellite de-

signs for the Z67-ft-diameter full-scale unit and the 50-ft-diameter flight-

test unit. Maintaining geometric similarity between satellite models will

give the best indication nf _nll-_r-_l_ _,_11_+ .... _ ........

The proposed satellite design is essentially within the state of the art as

far as materials, structural analyses, fabrication, packaging, deploy-

ment, inflation, and rigidization techniques are concerned. It is feasible

to meet the over-all system requirements with the full-scale satellite

proposed herein. A further reduction in weight is possible by design re-

finements and development of improved materials. Comparative studies

have shown that the lenticular design has several advantages over other

typ_s of passive communication satellites. Based on a limited reliahili*y

analysis, the satellite and spacecraft designs chosen appear satisfactory

and no unusual problems should be experienced with a prototype system.

Significant advances in the development of the wire cloth-photolyzable

film were achieved on this program. This material appears suitable for

satellite lens application. Continued development and refinement might

be advisable to improve its physical characteristics and enhance over-

all satellite reliability.

l_-f theory and experiment verified the existence of edge diffraction phe-

nomena for nose-on monostatic return caused by the sharp edge of the
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lenticular lens. l%eflectivity patterns indicate that large variations in

monostatic return are not apparent outside the nose-on region. From

an operational standpoint the nose-on monostatic condition has limited

value and therefore the r-f characteristics of the satellite seem in gen-

eral to be satisfactory. The effect of lens surface tolerance, tripod,

booms, and canister on the radar return of the lens was determined to

be negligible under the most adverse design conditions.

The gravity-gradient-stabilization studies indicate that large lenticular

satellites can be stabilized with satisfactory accuracy if a good damping

system is provided. Based on published literature, satellite dampers

currently flight tested do not provide adequate damping. However, GAC's

second-generation damper, the Rice-Wilberforce, appears to be very ade-

_'_-_=..... _-_, +_s_.__applicatio_. Therefore the gravity-gradient stabilization

principle can be utilized.

Review of the detailed ground test development and the flight test plans

has indicated that immediate initiation is possible of a development pro-

gram of the proposed prototype satellite system. The test methods and

ec=uizr::ents required are within the state of the art and no particular

schedule difficulties should be encountered.

P_]ECOMMENDATIONS

It is recommended that a flight-test model ier_ticular satellite program

Le i_Kti_ed _o demonstrate and to obtain information regarding packag-

ing, deployment, rigidization, r-f characteristics, and orbital behavior.

This will increase confidence in the basic concept and improve the de-

sign of the full-scale satellite.

in d-,e interim, however, it might be advantageous to initiate the follow-

ing efforts to expedite a future flight-test program:

i. Fabrication and ground testing of additional small-

scale satellite models and primary components to
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enhance satellite reliability and improve understand-

ing of the associated phenomena.

2. Evaluation of the Rice-Wilberforce libration damper

for the transient and steady-state conditions to de-

termine compatibility with stabilization accuracy re-

quirements. (Hardware studies should be made to

verify optimum tuning theory of the damper and pin-

point physical characteristics of the helical spring

and damping fluid. )

3. Additional theoretical and experimental investiga-

tions on the edge diffraction phenomena of the pro-

posed lenticular satellite design. (Additional r-f

model tests and theoretical investigations should be

conducted within the required bistatic operat'ng con-

ditions for better evaluation of the satellite's mis-

sion capabilities. Testing of several small-sized

models will allow correlation with theory and en-

I....

_r_cter±stics ol the flight_=_Ice prediction of r-f ........

test and prototype lenticular satellites. )

The proposed lenticular satellite design makes a very attractive passive

communication satellite system, it would appear advisable, however, to

conduct studies of system and configurization optimization in parallel with

the model flight test program which could include (I) parametric trades

on the lenticular angle to maximize the microwave relay performance ver-

sus system cost for various orbits, (Z) incorporation of station-keeping

capability into the satellite, and (3) review of alternate configurations.

Therefore, additional system studies are recommended to make the len-

ticular satellites even more effective.
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APPENDIX A - ORBITAL DESIGN CONDITIONS FOR COMPONENTS OF

GRAVITY-GRADIENT-STABILIZED LENTICULAR SATELLITE

i . LOADING CONDITIONS

Let i, j, and k be unit vectors normal to the orbital plane, tangent to the

orbit, and along the earth radius at a point respectively, and x, y, and z

centroidal axes of the satellite that coincide with i, j, and k respectively,

when the satellite is in normal position. The various components of the

satellite have been analyzed structurally for the most critical of the fol-

lowing four conditions.

i. Condition I - This is defined as the condition for which

the z axis of the satellite makes an angle 0Lwith the

unit vector k, while the x axis coincides with the vec-

tor T and the angular velocity of the satellite about i-at

this instant is zero.

Z. Condition II - If the satellite is displaced an amount 0_°

as defined in Condition I, the gravity gradient produces

-ff

maximum when abecomes zero. Condition II consists

of the gravity gradient forces at 0_ = 0 plus the centrifu-

gal forces associated with the angular velocity _max"

3 Condition III- This condition is similar to Condition I

except that the satellite is displaced out of the plane of

the orbit by the angle _ while the y axis coincides with

the unit vector j.

4. Condition IV - This condition is similar to Condition II

except that it is related to the satellite displacement out

of the orbital plane.
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5.

CRITICAL LOADS IN THE TRIPOD BOOMS

Table A-I gives the axial loads in the tripod booms for all four loading

_.(yconditions. Conz1_uratlons A and B designate the orientation of the tri-

pod relative to the coordinate system (xyz), as shown by the sketches in

Table A-I.

Distributed loads on the booms,

ertia loads, and solar pressure

which come from gravity gradient, in-

can be found readily for the critical con-

ditions. For the analysis of the booms the critical conditions are those

that produce compression in the booms.

CRITICAL LOADS FO2 THE RIM

There are two kinds of rim loads, in-plane rim loads and out-of-plane

rim loads. The in-nl_na_ ...........]_ _ _*_._ *_ -_ _por, ents of the

tripod axial loads or distributed loads produced by gravity gradient and

inertia loads on the rim mass.

Let M and S be the satellite configurations when the booms meet the rim

at the same points or they are staggered respectively. If A and B repre-

sent two critical orientations of the tripods relative to the coordinate axes,

there are four combinations that might cause critical loading on the rim.

These connbinations are given schematically in Figure A-I.

at the top of the tripods for all four configurations shown in Figure A-I.

The values of Table A-II are combined with actual gravity gradient and

inertia loads Px' Py' and Pz corresponding to the critical Conditions I

through IV as described above, and the results are summarized in Table

A- III.

The out-of-plane loads for all configurations of Figure A-I and the load-

ing Conditions I through IV as described above are summarized in Tables

A-IV and A-V.
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Figure A-I - Satellite Configurations M and S Combined with

Orientations A and B of Tripods Relative to

Coordinate Axes
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TAs_m A-Ill - IN-PLANE RLM LOADS FOR SATELLITE
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TABLE A-V - OUT-OF-PLANE RIM LOADS FOR SATELLITE

LOADING CONDITIONS I TO IV

o

,,_i F,:5-- ' -+ )

,-:.5

T£/"

.... ' - P"" ' " " '-'+ .... :F+'--O '

S:+_ ._F,:F,=-%%=-_P.._(Cot¢.t¢o_¢), F,,= Fz' =i s' =o ; _,r_ .

AS

.%

A)A

,j •

'+ I I 0

¢

F,,=Fz'---!F(?..,++_.,',,¢_a+),_ F+'=-+(P-,-ZP"'c°t+9); St, ,

NO Lo A D;.-,j_

-398 -



GER -i 150Z

APPENDIX B - LENTICULAR SATELLITE

PRESSURIZATION STUDY REPORT

I

2,

INTRODUCTION

This appendix demonstrates the feasibility of the pressurization concept

for a full-scale lenticular satellite. The analysis is made assuming a set

of system parameters consistent with the present design concept. The

major conclusions are the following.

i. The amount of pressurizing gas (helium) required is

tea _nahleo

2. The pressure differential required between torus and

lens to prevent collapse of the structure can be controlled

satisfactorily by passive means during the pressure de-

cay phase.

3. The rate of pressure decay after inflation may require a

programmed venting system to prevent uncontrolled es-

cape of residual gases through random holes that will ap-

The n_.ethod of analysis used herein will be employed during the optimiza-

zion phase of the program.

ASSUMED SYSTEM PARAMETERS

The assumed system parameters are the following.

i. The torus has a volume of Z68,000 cuft and a surface

area of 55, 600 sq ft. Two 0. 0Z0-in.-diameter holes are

located in each square foot of surface area to allow de-

pressurization. Design pressure is 0.0388 psi absolute.
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.

Z. The lens has a volume of 3, 060, 000 cu ft and a surface

area of IZ9, 000 sq ft. The ratio of exhaust hole area to

volume is the same for the lens as for the torus, so that

the equivalent of 9. 737 holes with 0. 020-in. diameters

are located in each square foot of lens surface area.

Design i_ressure is 0.00036 psi absolute.

3. The pressurizing or inflating gas is helium stored at

3000 psi. This gas passes through a pressure regulator

set for 5 psi absolute and then through individual flow-

ii_-_.itingorifices before entering the lens and torus. On-

off valves and pressure sensors prevent the pressures

from exceeding design values, or maintain these pres-

sures as required.

The sec,-e_c_ of even +° is to allow five _: ...... _......... •_,_o _or _res-

surization of the torus to design values immediately fol-

lowed by five minutes for pressurization of the lens to

._.. , two _L_u_es at the dea.. ,,.2,4 .i. a. ,..a. ,,...;..;. &, _ U ;..;. c_..L

sign pressures for the lens and torus respectively, and

then shut-off of the pressurization system with pressure

decay re sulting.

P--_\AL Y SIS

The type of flow through the torus and lens exhaust holes must be estab-

lished by comparing the mean free molecular path with the hole diameters.

Using relationships from the book, Procedures in Experimental PhTsics: a

X= 1.77X I0 -23 T
2 " (B-l)

Per

...... S, John D. :

r -- Inc 19 3 8
Procedures in Exoerimenta! Physics. New York, Prentice -
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For helium at room temperature (5Z9 R) with a mean free path of 0. 0Z0

in., d_e computed pressure is 0.0063 psi. It is observed that the flow

from the lens is free molecular; the flow from the torus is primarily

transitional becoming free molecular at the extremes of the pressuriza-

tion and depressurization periods; and the flow through the supply orifices

is continuum. For simplicity the flow from the torus is assumed to be

free molecular during this analysis; during the optimization phase of the

program Zhis assumption will be refined.

_£gain using Procedures in Experimental Physics, the expression for flow

_ cy_arouoh an orifice in free molecular flow in terms of upstream pressure

is"

,v vl _ *_" ' (B-Z)

PA _

For continuum flow the velocity in an orifice is sonic if the downstream

pressure is less than approximately half the upstream pressure. Since

this condition is met, the gas velocity in the orifice is:

u = 34o.3__. (B-3}
v o

The equation for flow in the orifice is:

UAC D = 144 W, (B-4)

or, substituting Equation B-3 and the perfect gas law,

= 340. 3 C/-KD_-
PS A

(B-5)

For sonic velocity the relationship between static and total temperatures

is:

T K+l
-- = --; (B-6)
T S Z

--J/7--
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and for static and total pressures,

K

Equation B-5 in terms of total temperature and pressure, which corres-

pond to upstream conditions, is:

( )K+lwd¥ z: z K - 1
PA - s4o. sc D K k + 1 (B-S)

The scored gas temperature is presumed to be 529 R (69 F), and if no heat

energy is exchanged with the containers, lines, etc., the total temperature _

throughout the system will also be 529 R. The gas actually loses some

heat energy to the lens and torus material during inflation, but th_s hcat

energy raises the temperature of the lens and torus material with subse-

quent heat transfer back to the gas. All total temperatures, therefore,

--':_"w_be presumed as 5Z9 R.

T'N.. _ : ....

_*_S the inflation process of either torus or lens, helium is supplied at

the rate WiN. Helium is also exhausted through the holes in the fabric at

the rate WOUT; therefore:

dw

= WIN - WQU T. (B-9)d---_

The mass of the contained gas (w) is expressed by:

• 144PV = wRT (B-tO)

the differential form of which is

dw 144V dP

d'_-'@-=" RT de (B-If)

z,e incoming low (_ '_" ,ViN; is defined by Equation B-8 and, since the up-

strea_ pressure of 5 psi is constant, WIN is constant. The outgoing flow

,,,OjT) is defined by Equation B-Z, and varies with time. Equation B-9

:w can be written:
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144V dP A

i%r d--_-= WIN -(135.7 _ )P , (B-IZ)

or, upon in=egrating, where @ is tim< from start of pressurization,

A0)-0.94z4RT yV:o.oo  69 0A WIN (B--13)

For che torus, Equation B-13 becomes:

-0. 05493 8). (B-14)
P = 0.09639 WIN (1 - e

For the lens, Equation B-13 becomes:

-0. 05493 @
P = 0.00844 WIN (i - e ) (B-15)

Eor the specified design pressure at five minutes, Equations B-14 and

O-iz _,_._a valucs IN o,o a_c w. ,u

and lens_respectively. The supply orifice can be computed from Equation

B-8 if the discharge coefficient (C_D) is established. C D depends on the

razio of orifice diameter to duct diameter; a value of 0. 8 is assumed to

obzain approximate orifice sizes. Computed orifice areas are 0. 767 and

0. 8813 sq in. for the torus and lens, respectively, while the respective

orifice diar_.eZers are 0.988 and 0.3ZZ in.

For the period in which the design pressures are maintained,

_-C] P,_,_,_,_ = _ •

Equation

WIN = WOU T . (B-16)

The outgoing flow (WOUT) can be computed from Equation B-Z, and is

0.4026 and 0. 04Z65 Ib per minute for the torus and lens, respectively.

For the depressurization process, Equation B-9 becomes:

dw

- d---0-- = WOU T . (B-17)

By use of Equations B-Z and B-II, Equation B-17 becomes:

-6ol -
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.

144V dP A
- R---Y-d--f = 135. 7 -- P, (B-18)

the integral form of which is,

tion,

for O measured from start of depressuriza-

P -0. 9424 _ A
_-- = e V 0 . (B-19)

O

For the torus, Equation B-19 becomes:

P = 0. 0388 e

For the lens, Equation B-19 becomes:

P = 0.00036 e

-0. O5493 0
• (B-ZO)

u• V.._,"_ 7...* V

(B-Zl)

ing flow _:_d _he resi_ective times• The pressurization process requires

8.38 and 0.89 Ib of helium for the torus and lens, respectively. The torus

_c_xtxo,._± a. 62 ib of helium for the nine-minute period of

_ain_aine/ design p:_essure, while _he lens requires an addi_ionai 0.09 ib

of heliurr_ for the two-minute period of maintained design pressure. Total

-. ]- .

..e_um requirements are 12.98 Ib or 6. 14 cuft when stored at 3000 psi.

_'or the specified design, the pressurization system must supply 12.98 lb

of helium, exclusive of safety margins or residual gas in the storage tank.

7f the above mass is stored at 3000 psi, the volume is 6. 14 cu ft.

The 2s_._p_y orifice sizes should be approximately 0. 767 sq in. for the

_orus and 0. 0813 sq in. for the lens. The respective diameters are 0.988

and $.3ZZ in. These figures should be refined when the duct sizes are

e _sned.

%"he predicted pressure-time curves are shown in Figures B-I and B-Z and

represent Equations B-14, B-15, B-Z0, and B-Z1 with the specified con-

ditions.

-6O2-
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5. DEF,--_'iTION OF SYMBOLS

A

C D

K

P

"S

R

T

T S

U

V

W

0

k

P

O"

_V

IN

OUT

O

Symbols

= orifice area, sq in.

= coefficient of discharge

= ratio of specific heats (i. 66 for He)

= total pressure in torus, lens, or duct,

= static pressure, ibf/inZ

= gas constant (386. Z for He) ft-lbf/ibm

= total tem_perature in torus, lens,

= static temperature, R

= sonic velocity, fpm

= volume of gas intorus or lens, cuft

= mass flow rate, ib /rain
m

= tin_e, --:-

= mean free molecular path, in.

= gas density, ibm/ft3

-8
= molecular diameter (0. 86 X i0

= nias of gas in torus or lens, ibM

Subscripts

= into torus or lens

= from torus or lens

= initial

ibf/inZ

-deg R

or duct, R

for He), in.
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APPENDIX C - TOI_US PRESSURIZATION STUDY

. INTRODUCTION

The objective of this study is to investigate analytically the effects of com-

partmentization on the lenticular satellite torus pressurization and to de-

termine flow control orifice sizes for the bulkheads of the 20-ft deploy-

ment model. This study supplements a test program on a 5-ft test model

conducted by Astronautics Design.

The major conclusions are:

i. The compartmentization concept is feasible. The

compartments should allow an orderly inflation and

deployment sequence with negligible pressure differ-

entials between compartments when fully inflated.

2. An inflation test at room pressure is significantly

different froma test in vacuum. The pressuriza-

tion response curves, optimum flow control orifice

sizes, and gas supply rates for the two conditions

have little resemblance.

2° ASSUMED SYSTEM PARAMETERS

The 20-ft deployment model torus shown in Figure 27 has a total volume

of 256 cu ft, is divided into four compartments, and has a surface area

of 720. 9 cu ft. The surface is perforated with two 0.020-in. -diameter

holes per square foot to facilitate packaging and deflation. Bulkheads

are located at 45 deg, 90 deg, 120 deg, and 180 deg from the gas inlet

port clockwise around the torus; only the first three contain flow control

orifices.. The torus material is 0. 0015-in. -thick Mylar, which weighs

O. 000075 psi.

-609 -
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.

The torus is inflated with air supplied at a constant flow rate until the

first chamber attains the design pressure of 0. 317 psia or psig as ap-

propriate; the flow rate is then regulated to maintain the pressure at

0. 317 psia or psig.

ANALYSIS (VACUUM)

In the vacuum condition resistance to inflation is provided by the inertia,

friction, and kinks of the fabric and steel rim, as well as the weight of

the fabric• It is noted that the fabric weight and sliding friction with the

supporting medium exist for a test in a vacuum chamber but not for an

orbital condition. Of the above items only kinks and sliding friction are

.......... . _ o,..I.i_ e 1 l,,-.i u .t _

This analysis therefore neglects these items and relies upon test pro-

grams to establish their influence.

In view of the above discussion, each torus chamber or compartment in-

flates with the first finite surge of gas to the affected chamber with sub-

sequent buildup of pressure. From the viewpoint of compartment pres-

sures the situation is analogous to the torus being fully inflated initially

with pressures of essentially zero.

Let the chambers be numbered in sequence from the gas inlet port as 1,

2, 3, etc. Let the subscripts nanda refer to these chamber nurnh_,',

and to ambient, respectively. The conservation of mass equation for

chamber one during pressure buildup can be written as:

dw 1

60 dO - WsI " Wl - 2 - Wl - a (C-l)

After design pressure is attained, Equation D-1 becomes:

0 = W S - W 1 _ Z - W1 - a (C-Z)
i

Note that WSI is constant while W S is a variable.

For chambers 2 or greater:

-610-
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dw
n

60--= W
de (n - I) - n

-W -W
n-(n+l) n-a

(c-3)

For the last chamber, note that W
n - (n + I)

The perfect gas law for each chamber is:

is zero.

144P V = w RT . (C-4)
n n n

Assuming a constant temperature, the differential form of Equation C-4

is:

dw 144V dP
n n n

d@ RT de
(c-5)

The flow rates may be expressed as:

^

n - m f m(Pn, P C, R K) . (C-6)W -- m _m , ,

n - m _ n - m

The flow is basically continuum and the gas is air, but the flow may be

sonic or subsonic. The value of coefficient of discharge (C) goes from

approximately 0.6 for low velocities to 0. 9 for sonic flow in such a man-

ner that the parameter f may be approximated by two equations. If
n - m

0 -< Pm/Pn_ <- = 0. 4718:

f = 28.73P _G-7%
n - m n

If 0. 4718 <Pm/Pn f 1:

fn - m = 39. 53_Pn(Pn " Pm ):" (c-8)

Substituting Equations C-5 and C-6 into Equations C-l,

pressure buildup of chamber 1,

dPl = 0.006175 - A I - A Id---8 WSI - Zfl - 2 -all - "

For chamber 1 after pressure buildup:

C-2, and C-3, for

(C-9)
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A1 2 A1-- o a

= fl + fl (C-IO)Ws
and

P1 = PD" (C-11)

For chambers 7. or greater:

dP
n

d8

0"006175 V:_--_IA(n-1)n " nf(n- i) - n " An - (n + 1)fn - (n + 1)

(C-12)

By use of Equations C-7, C-8, C-9, C-10, and C-12 the pressure versus

time relationship for each chamber may be obtained. GAC computer pro-

gram El030 was written to solv.e these equations by use of a finite differ-

ence technique. Utilizing the specified system parameters and assuming

a temperature of 69 F, the pressures are a function of the flow control

orifice sizes and supply flow rate (WsI) as well as time. By manipulation

of these remaining variables the pressure-time curves are obtained.

A test program on a 5-ft test model indicated that rapid inflation minimizes

the ,.,,-:_-_,_-'_ of ki_k_ on infiazion. _ornewnat arbitrarily assuming a supply

flow rate (WsI) of 1.3 lb per minute and bulkhead flow control orifice sizes

of 1-5/16, 31/32, and 5/8 in. diameters, respectively (one orifice pe r

bulkhead), Figure C-2 was obtained.

, ANALYSIS (ATMOSPHERIC)

In the atmospheric condition, resistance to inflation is provided by atmos-

pheric pressure as well as the items discussed for the vacuum case. Again

neglecting kinks, friction, and inertia, the pressure within a partially in-

flated chamber is atmospheric pressure plus the weight of fabric supported
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by the gas within the chamber. This latter term (weight of fabric) varies

somewhat due to varying curvature of the fabric, but in any event is small

when compared with design pressure (e.g., 0.000075 psi versus 0.317

psi). As air is supplied to a chamber the volume will increase while the

pressure remains essentially constant at slightly above atmospheric until

the chamber is inflated; the volume is then constant while the pressure

increases toward design pressure. For simplicity the pressures during

inflation are presumed to be atmospheric.

The conservation of mass equation for chamber 1 during volume or pres-

sure buildup is again:

aw,
60 _ = WSI - W - W (C-l)de 1 - Z 1 -a

After design pressure is attained:

0 = Ws- W 1 _ Z - W1 - a (c-z)

For chambers Z or greater:

dw

n - W - W (C-3)60 _ = W(n _ 1) - n n - (n + 1) n - a

For each chamber, let V n denote the volume when fully inflated and Vnt
h

the actual volume at any time. The perfect gas law is then:

144PnVnt = WnRT . (C-13)

Again, assuming constant temperature, the differential form of Equation

C-13 is one of two possible forms. If 0 <
= Vnt <_Vn:

dw n 144 Pa .dVnt
d--_ = RT dO (C - 14)

If Vnt = V n,

-6i4-
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dw 144V dP
n n n

dO RT dO

The flow rates are again:

A
n - m

W
J

n - m /.-
f (P , P , C, R, K) .
n - m n m

Since the flow is always subsonic,

(c-5)

(c-6)

fn - m = 39. 534Pn(Pn - Pm ) "
(c-8)

Equation C-6 them becomes:

Or'% ") A

7.5_n _/Pn PmW = n-m (p . ) .n - m _ _r-C-- n

Substituting Equations C-14, C-5, and C-15 into Equations C-l,

C-3, if 0 <= Vlt< Vl:

(c-15)

C-Z, and

dV 1

dO

T

O. 006175 -_a WSI
(C-16)

and

< PlIf Vlt = Vl and Pa =

P1

< PD'

= P
a

(c-17)

dP 1

de

o.oo6175  r V 1 WSI - 39-53A 1 . a4PI(P 1 - Pa) - 39.53A 1 . 2 PI(PI - PZI

(C-18)

If Vlt = V 1 and P1 = PD _:
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[-
39. 53

]A a /Po(Po +WS - ._/-_-- I

For chambers 2 or greater, if 0 --_ Vnt_Vn:

(C-19)

dV
n

d@

and

0"006175 _-T !9"53A(n"l)a - n_Pn" l(Pn- I , (c-zo)

P = P .
n a (C-Z1}

If Vnt = V n

dP
n

de - O. 006175
x 39' 53 "Ut-[ A _/PnV n {n - 1) - n

I(P - _n - I Pn )

A _Pn(Pn -p 1 ) A a_/ 1 (C-22)n - (n + 1) n + n - Pn(Pn " Pa )

C-Z1, and C-2Z the pres-By use of Equations C-16, C-17, C-18, C-20,

sure and volume versus time curves for each chamber may be obtained.

GAC computer program El030 also solves these equations. Again, assum-

ing a temperature of 69 F, making all bulkhead orifice sizes equal, and

per Astronautics Design test trends, presuming the optimum inflation times

of chambers 1 and 4 to be approximately 35 and 60 sec, respectively, the

supply flow rate {WsI) and flow control orifice sizes were found by trial

and error substitution in the above equations. The values are 19:93 lb

per minute for the suppiy flow rate and 3-in. diameter for the flow con-

trol orifice sizes (one orifice per bulkhead). Figure C-2 presents the

corresponding plots of pressures and volumes versus time.

5. ANALYSIS (SUPPLY FLOW RATES)

The desired supply flow rates, before flow regulation, may be obtained by

a judicious selection of supply pressure and inlet port orifice size. Since
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plant air supply is to be used for the testing programs on the 20-ft deploy-

ment model, the supply pressure may easily be maintained in excess of

twice the absolute design pressure, thereby assuring sonic flow through

the inlet port orifice and constant flow rate. The flow equation is then:

PsIAsI C

WSI = 31.92 (C-Z3)

Under this condition the coefficient of discharge (C) is approximately

0.85. Again assuming a temperature of 69 F:

PsIAsI = 0.8477Wsi . (C-24)

For any value of flow rate (W_,), the SUDDIv nressure (Psi) and po,'_ ori-Ol .... " -"

lice size may be balanced as desired within limits. For the specified flow

rate of I. 3 _u1_-per _ninute for vacuum tests, a possible combination is a

supply pressure of 89.8 psia or 75.1 psig and a port orifice diameter of

i/8 in. For the specified flow rate of 19.93 ib per minute for atmos-

pheric tests, a possible combination is a supply pressure of 86.0 psia or

71.3 psig and a port orifice diameter of I/2 in.

. SUMMARY

The three bulkhead flow control orifices for the 20 ft-deployment model

should be 3 in. in rH_rne_er for =_t.-z--.e-=pheric tcsti,, s _,,d I _ /1_/_6, 31/3Z,

and 5/8 in. in diameter, respectively, for vacuum testing. Initial sup-

ply air flow rates (nonregulated) should be 19.93 lb per minute for atmos-

pheric testing and 1.3 lb per minute for vacuum testing. Since the above

analysis of necessity disregarded kinks in the fabric and steel rim, with

only gross approximations on optimum inflation times, the above values

are approximate and may be refined by a rigorous test program.

The above initial supply flow rates may be obtained by 1/8-in. and 1/2-in.

diameter inlet port orifices and supply pressures of 89.8 psia (75. 1 psig)

and 86.0 psia (71.3 psig) for the vacuum and atmospheric tests, respec-

tively.
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The techniques and computer program described herein may be used for

any size torus divided into any number of compartments.

7, DEFINITION OF TERMS

Symbol

A = orifice area(s), sq in.

C = coefficient of discharge

f = function, lb _ R0.5/min.in. Z
m

K = ratio of specific heat

P = pressure, Ibf/in.Z(abs)

R = gas constant, ft-lbf/Ib -RI-l-_

T = temperature, R

V = volume when inflated, cuft
n

Vnt = volume at any time, cu ft

W = mass flow rate, Ibm/min

w = mass of gas, Ib
171

{9 = time, sec

_Sub sc r ipts

a = ambient

D = design value

m = chamber number or ambient (generalized)

n = chamber number (generalized)

1, Z, 3, etc. = chamber number (particular)

S = supply (variable)

SI = supply (constant)
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APPENDIX D - ERROR ANALYSIS FOR LENS OF LENTICULAR SATELLITE
I

, INTRODUCTION

The lens of the lenticular satellite is a segment of a sphere. There are

four quantities available to define the lens. These are shown in Figure

D-1 and are: included angle, 8; radius, _; chord, D; and arc length, S.

Any two of these quantities may be used to define the spherical segment.

From a microwave viewpoint the quantities directly of interest are @ and

e. Physically the lens shape depends upon S and D, neither of which can

be precisely controlled. The arc length, S, depends upon manufacturing

folerances and the amount of net strain of the lens material obtained dur-

ing the rigidizing process. The chord length, D, also depends upon manu-

facturing tolerances and will vary with time due to the perturbing forces.

/

/

/

/

Figure D-1 - Lens Geometry
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The specification of _, tolerance on (_, and e imposes a set of constraints

on the system design that might affect seriously the final cost and weight.

A convenient method of evaluating these constraints is desirable. The

object of this study is to provide such a method.

Z. ANALYSIS

From geometry it is apparent (see Figure D-l) that the following two re-

late the four variables.

S
_e = _ (D-I)

• D

sin e = _- . (D-Z)

The above can be written

S
e = 2--C (D-3)

D
sin e : 2-- (D-4)

e

Let (_o' 8o' So' and D O Be a set of initial conditions;

tions in S and D the new radius is given by:

be[ Be= -- (/kS) +- (/kD) .
p_

'0 0

then for small varia-

(D-5)

The coefficients /kS and /kDare designated herein as error coefficiently.

They are found by using Equations D-Z and D-3 to obtain

' S D
F = _sin

_p z

From the advanced calculus,

0 . (D-6)

then
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"bS

_F

"bS

_F

- /0 COS

sin ;+e -- cos /

=_

_F

_D

_F

Making use of Equation D-3, the above can be written

_s

- cos 0

2(sin O - O cos 0)

bD 2(sin O - 0' cos 0)

(D- 7)

(D-S)

(D-9)

(D-10)

From small angles a more convenient expression is obtained by expand-

ing in series form the denominator of the above equations.
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030507(020406 1sin0-ecosO = 0 -_., +_., +_., -0 1 -_-._ + _., _._ etc

03 05 07
3 30 + _ + H. O.T. (D-I I)

If only the first term in the expansion is retained then Equations D-9 and

D-10 can be written

_P _P 3
_ - _ = in radians

_D US

282,200 .
in degrees . (D-12)

03

Values of _p/_D and bp/bS, using Equations D-9 and D-!0, were com-

puted at 5-deg intervals through the range of 10 to 45 deg. These com-

putations are shown in Table D-I. For convenience they have been plotted

in Figure D-2. For angles under 10 deg, Equation D-12 is plotted in Fig-

ure D-3.

The final radius, p, can be found by Equation D-5 and Figures D-2 or D-

3 to obtain the error coefficients. Once p is determined the final angle,

0, can be found from Equations D-1 and D-2.

TA.D._.v.. u-i - buMPU;I'A'I'IOINb if OK E_UATIONS D-9 AND D-10

0

10

15

20

25

30

35

40

45

0 rad

0.174533

0.261799

0.349066

0.436332

0.523599

0.610865

0.698132

0.785.398

cos 0

0.98481

0.96593

0.93969

0.90631

0.86603

0.81915

0.76604

0.70711

sin 0

O. 17365

O. 25882

O. 34202

O. 42262

O. 50000

O. 57358

O. 64279

O. 70711

0 cos O

0.17188

0.25288

0.32801

0.39545

0.45345

0.50039

0.53480

0.55536

i i U it i_l_l . : i

0 Ocos 0 _¢/bD

0.00177

0. O0594

0.01401

0.02717

0.04655

0.07319

0. i0799

0.15175

282.5

it , { i t

'84.18

35.69

18.40

10.74

6.832

4.630

3.295

278.2

81.31

33.54

16.68

9.302

5.596

3.547

2.330
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Figure D-Z - Error Coefficients for Small Angles (0 < 10 Deg)
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.,-, I00

Figure D-3 - Error Coefficients for Large Angles (8 > 10 Deg)
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, DISCUSSION

Equations D-I and D-Z plus a knowledge of the variations in S and D are

sufficient to make an error analysis. In fact,they must be used if large

variations are permitted. For small variations the method derived here-

in simplifies the calculations and provides greater insight into the prob-

lem.

An examination of Figures D-2 and D-3 immediately reveals the power-

ful influence of the angle 0 on the error coefficients. Without further

knowledge of AS and AD it is apparent that small 0 imposes a very severe

constraint upon the system design.

The weight and cost of the system can be affected seriously by the restric-

The majortions imposed on AS and AD by the microwave requirements.

considerations are:

1. Manufacturing tolerances on S and D.

Z.' Rigidization - The final arc length, S, is dependent upon

the accuracy with which the permanent set of the wire

film material can be controlled. The AS permitted

therefore dictates the accuracy of the inflation system

r equir ed.

3. Orbital Loads - These produce time varying loads and

deflections on the rim. The in-plane deflections are

changes in the diameter, D; hence the rim stiffness

and weight are a function of Z_D. Further, since rim

weight is the principal contributor to the polar moment

of inertia and fixed ratio of inertia is desi/'ed, the en-

tire system weight is affected.
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APPENDIX E - PROPERTIES OF THE SATELLITE COMPONENTS

The main components of the lenticular satellite, exclusive of the concentrated

masses at the ends of the tripods, are:

1. The faces of the lens (two spherical zones)

, The metal rim, which constitutes the bounding edge of

the satellite

. The torus which is used to stabilize the lenticular shape

during the rigidization phase

Table E-I gives the surface area, volume, and moments of inertia of the _nain

components of the lenticular satellite shown in Figure E-1. The centroidal

mass moment of inertia, Ix _ x(lens)' of the lens about the x-axis can be

found from equation

h
Z 2 + 2Ams(Z ° + _)Ix- x(lens) = 2Ix'- x'- ZAms o

Am h
S

= 2I x' +-(4Z + h)x- 2 o

-_ ZIx,- x' + 2AmshZ- 0

Substituting values for I A, and Z
X - X t' 0

yields

from Table E-I and simplifying

I = 2_p4ms.(i, cos a)2(_ 1 _)x - x(lens) - _cos _ +
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TABLE E-I - PROPERTIES OF MAIN COMPONENTS OF

LENTICULAR SATELLITE

Lens (only one
Property spherical zone) Torus Equatorial rim

Surface area, A 2_'p2(I - cos _) 4_Wr(R 4 r)

Volume

Polar moment of inertia

(about z-axis)

Mor_.nt _f inertia ah,2ut

x-axis

Moment of. inertia about
x;-ax_s

CG location

Bounded by top spherical zone

and coordinate plane x'y'

i 3
-_;rp (1 - co. a)Z(Z + cos a)

2 4 , 3
_'_P mslCOS a* 2 - 3 cos a)

1
_p4m (1 - cos U)2(4 - cos ol

Z ° = 2_(1 - cos _)

z_ZrZ(R 4 r)

4.Zr3mt(R ' r)[I_'_ I)2 +_]

r/. z _1
z.zr'(a.,r,mtt_ff+i) ._-]

Actual foil area (two wavy

cylindrical surfaces)

'_rh( O )

Actual material volume

''// r-.
____!C'-_42

1

RIM _ CROSS SECTION

I
m: MASS PER UNIT AREA. [SUBSCRIPTS

s, t.AND r SIGNIFY SPHERICAL ZONE,

TORUS, AND RIMtRESPECTIVELY).

AXIS OFLENS

I ROTATIONAL
SYMMETRY

i Z/ X'

r ,_--X

Figure E-I - Main Components of Lenticular Satellite
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APPENDIX F - LENTICULAR RETURN VERSUS ZyR/_AND FREQUENCY

Graphs of nose-on monostatic return from the lenticular shape and radar re-

turn for various frequency regions of interest are discussed in this appendix.

Figure F-1 shows the following:

1. First order of approximation to Rayleigh scattering

Z. Points indicating peaks and nulls of power reflection

3. Curves indicating envelope of maximum and minimum values

Frequencies are indicated on the upper axis. ZYR/_ is indicated on the lower

axis. Note that the power return curve is approximately sin Z 21rR/_h/4) and

oscillates to the extent that it could not be shown effectively on the graph paper

used (a complete cycle of variations occurs with a 10-mc frequency change).

Test model ZyR/_ = 90 (X band)

50-foot test model Z_'R/_ = Z170 (X band)

These values (ZT/R/)% for the test model and the 50-foot model) are indicated in

Figure F-I and show the region of operation if these models were tested at X

band (I0 kmch.

The graph of lenticular return was obtained from a computer analysis of Equa-

tion F - 1:

where

u _( c ) Z(Y R_ -q + pcos 00a + _-_ sin0) ayRZ =

4--_ cos 0) a - I) - p sin 00 a ,

+

(F-i)

cr = radar cross section,

R = radius of curvature,
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q = center spectral return,

p = edge diffraction return,

c = velocity of propagation,

a = distance between center and edge return, and

= ZYf.

The resultant curves indicate constructive and destructive interference be-

tween the center spectral return and the edge diffraction. The variation in

return due to this interference is shown to be Z1.5 db.

The radar return versus ZyR/_k and frequency for three frequency regions of

interest are shown in Figures F-Z through F-5.
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_,,'o- NOIID3S SSO_D _IVOW
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Figure F-1 - Theoretical Return of Full-Scale Lenticular

Satellite versus Z#R/A and Frequency

-633 =



APPENDIX F GEK- 1150Z

FREQUENCY - KILOMEGACYCLES

1

,-&

I

6

o
U

0.1

2.27 2.29 2.31

10

0.01

2900 2910 2_0 2930 2940 2950

2_R/_

Figure F-Z - Lenticular Return versus ZITR./_.and

Frequency (Z.Z7 to Z. 31 KMC)

-634 -



APPENDIX F GER-1150?-

2.99

10

v_

o
U

0.1
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0.01

3825

t-x
!

I

FREQUENCY - KILOMEGACYCLES

3.01

-%

/ I,

V

A

/, /

!

3.03

3835 3845 3855 3865 3875

27r R/A

Figure F-3 - Lenticular Return versus ZYR/_, and

Frequency (Z. 99 to 3.03 KMC)
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%
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F-

u

o

C)

FREQUENCY - KILOMEGACYCLES

7.8z 7.83 7.84
_0 -------T

0.1

V

0.01

I0,000 I0.0_ I0,010 I0,015 I0,020 10,025

2Tr_/X

Figure F-4 - Lenticular Keturn versus 2_1_/_ and

Frequency (7.82 to 7.84 KIVIC)
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10
9.47

FREQUENCY - K ILOMEGACYCLES

9.48 9.49 9.50 9.,51 9.52

b

!

z

o

o

_c

0.1

0.01

12,100 12,113 12,126 12,137 12,1,51 12,164

2,r_X
i

Figure F-5 - Lenticular Return versus Z/rR/_ and
Frequency (9.47 to 9.5Z KMC)
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APPENDIX G - CALCULATION OF BOOM RETURN

The equations for the calculation of the radar return from a thin wire are used
a

to calculate the return from the lenticular satellite booms.

Z

sln -x- cos0)
7rL2 sin 2 0 2_L

o" --_ cos e 4
= COS _ .

k e.)z(_)Z + (In>,Tra sin

(G-l)

For

7; Equation G-I reduces to

_L Z 4

o': z _L zc°s ¢'
(G -Z)

where

L = length of boom (ft),

a : radius of wire {inches!.

T= 1.78,

0 = angle between axis of boom and incident energy, and

= angle between polarization and plane of wire and line
of incident energy.

The equations were evaluated for the following cases of interest:

aCrispen, W. Jr.: Goodrich, R. F.; and Seigel, K. M.: ATheoretical
Method for the Calculation of Radar Cross-Section of Aircraft and Missiles.

Report Z591-1-H. Ann Arbor, Mich. , University of Michigan, July 1959.
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Case

Case

Case

a =

_=

2

L =

_,=

a =

3

L =

),
a

L = 210 ft

1.97 in. (6 kmc)

0. 0625 in. (I/8-inch wire in boom)

0 deg (polarization parallel with wire)

Zl0 ft

1. 18 in. (10 kmc)

4. 1 in. (wire grid boom)

0 deg (polarization parallel with boom)

2[L
Due to the magnitude of _ cos e for angle <q/Z,

/%
was made :

(Z_L )sin\---_- cos e = 1 (worst case);

then Equation G-I becomes

210 ft

= 5. 59 in. (Z kmc)

= 4. 1 in. (wire grid boom)

= 0 deg (polarization parallel with boom)

the following approximation

_2 tan Z e

(G -3)

(G -4)

Equation G-4 in effect eliminates the side lobes in the wire pattern given by

the factor

• /z=u A
s_nk-Y- cos u)

Z_L

cos 8

(G -5)
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APPENDIX H - MICROWAVE REFLECTIVITY MEASUREMENT DATA

A free-space transmission test was performed to determine the reflection co-

efficient of the photolyzable grid panel at four frequencies. The test compares

the received power level between a transmitting and receiving horn with and

without the panel inserted between them. The panel is oriented normal to the

beam of the transmitting horn. The two horns are collimated with respect to

one another.

The decibel difference in reading is measured five consecutive times at both

maximum and minimum transmission values, which are obtained by trans-

versely positioning the transmitter horn. These values are converted to power

ratios, and the maximum-minimum values corresponding to each of the five

positions are averaged. These five values obtained are again averaged to give

one final transmission value. (See Tables H-I and H-II. )

The reflection coefficient is found from the relationship

T 2 + 1"2 = 1,

where

T -_ _ransmission voltage

r = reflection voltage
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TABLE H-I - REFLECTIVITY MEASUREMENTS DATA OF GAC

i. 6-M/L WIRE GRID PHOTOLYZABLE FILM MATER/AL

ammmmmmmmmm_mm

Test

Frequency

5000 mc,

parallel po-
larization

5000 mc,

perpendic-

ular polari-
zation

Posi- DB Difference

tion

1 21.41 22.44

2 21.83 23.57

3 22.33 22.75

4 21.50 22.86
5 22.02 22.80

1 15.26 16.64
2 15.25 16. 60

3 15.40 16. 48

4875 mc, I
parallel po-]
larization

4875 mc,

perpendic-

ular polari-
zation

9373 mc,

perpendic-

ular polari-
zation

m

1

2

3
4

5

3

4

5

1

4

14. 50 15.91

14.74 15.95

20.93 21.42
21.50 22.10

21.24 21.45

21.52 21.97

22.00 22.09

!4.90 15.55

14.77 15. 36
14.74 15. 04

15.93 16. 75

15.80 16. 47

9.70 12. 12

9.67 12. 13
9.38 12.03

9.34 11.82

-- -- l Avg

Max Min l

0.007228

0.006561

0.005848

0.007079

0.006281

0. 02979
0. 02985

0. 02884
0. 03548

0.03357

0.008072

0.007079
0.007516

0.007046

0.006310

0.03236

0.03334

0.03357
0.02553

0.02630

0.1072

0.1079
0.1153

0.1164

9373 mc, I z I 15.66 118.28 {0. 02716

parallel po-I 2 I 15.95 118.60 ]0. 02541

larizatioh ] 3 [ 15.97 118.65 [0.02529

[ 4 1 15.95 [18.62 I0.02541

__0. 02523

8600 mc, I l [ 9.36 III. 87 [0.1159

perpendic- I 2 I 9.30 {11.75 I0.1175

ular polari- t 3 ] 9.28 {11.72 ]0. 1180

zation I 4_ t 9.20 [11.60 ]0. 1202

__0. 1102

8600mc, [ 1 [ 15.55 [18.27 10.02786

parallelpo-I 2 [ 15. 59 [18.28 10.02761

larization [ 3. [ 15. 67 [18.20 I0. 02710
[ 4 [ 1-5.79 [18.20 10.02636

0. 02685

0.005702

0.004395

0.005309

0.005176

0. 005248

0.006465

0.005478

0.005579

0.006128

0.005765

0.02168 0.02574
0.02188 0.02587

0.02249 0.02567
0.02564 0.03056

0.02541 0.02949

Total

Avg
T 2

0.005863

0.02747

0"007211[0"007642 l

0.006166{0.006623

0.007161)0.007339 0.006910
0.00635310.006700

0.006180 _0.006245

0.02786 10.03011
0.02911 0.03123

0.03133 [0.03245 0.02831

0.02113 10.02333

0.02254 __0_02442

0.06138 [0.0843

10.06124 10.0846
i0.06266 [0.0890 0.0890

i0.07047

i0.01486

0.01380
0.01365
0.01374
0.01358

O.

O.
O.
O.
O.

O.

0.

0.

0.

0.

06501
06683

06730

06918

06871

01489

01486

01514

01514

01514

0.0958

0.02101

0.01961

0.01947

0.01958

0.01941

0.0905
0.0922

0.0927

0.0947

0.0895

0. 02138

0.02124

0. 02112
0.02075
0.02100

0. 01962

0. 0919

0. 02110

Coefficient

0.997

0.986

0.996

0.985

0.954

0.990

O. 953

0.989
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TABLE H-I/ - REFLECTIVITY MEASUREMENTS DATA OF GAC

I. Z-I_L WIKE GRID PHOTOLYZABLE FILM MATERIAL

Test Posi-

Frequency tion

9373 mc, 1

perpendic- 2

ular polari- 3
zation 4

5

9373 mc, I

parallel 2

4
5

8600 mc, 1

perpendic- 2
ular polari- 3
zation 4

5

8600 mc, 1

parallel 2
polarization 3

4
5

DB Difference

Max I Min
I

8.56:10.02

8.90 I0. 25

8.90 10. 34

8.86 I0. 3O

8.21 10. 12

13.20 14. 05
13.20 14. 05

13.34 !4.05

13.29 14.05

13.41 14. 02

6.98 9.70

6. 70 9. 52

6.91 9. 52

6. 57 9. 37

6.46 9. 18

12.03 15.41

11.88 15. 55

11.88 15. 55

11.78 15. 50

11.78 15.56

Power Ratio

Max Min

0. 1393 0. 0995

0. 1288 0. 0944

0. 1288 0. 0925

0. 1300 0. 0933
0. 1510 0. 0973

0. 0479 0. 0394

0. 0479 0. 0394

_zl Q'_ 0 _'_ (_A

0.0463 0.0394

O. 0456 O. 0396

O. 2004 O. 1072

0.2138 O. 1117
0.2037 O. 1117
O. 2203 O. 1156
O. 2259 O. 1208

O. 0627 O. 0288

O. 0649 O. 0279

O. 0649 O. 0279

O. 0664 O. 0282

O. 0664 O. 0278

Avg

0.1194
0.1116
0.1107

0.1117
0.1242

0.0442

0.0437

0.0429

0.0431

0.1538
0.1628

0.1577
0.1680

0.1734

0.0458

0.0464

0.0464
0.0473

0.0471

Total

Avg
T2

0.1155

O. NASA

0.1631

0.0466

i

Reflection

Coefficient

F=_ - T 2

0.941

0,8

0.915

O. 976
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APPENDIX I - SELECTION OF LARGE DIAPHRAGM TEST SPECIMEN

. INTRODUCTION

Paragraph 5.3.5 of the Statement of Work a states the requirements for

structural tests. Included in these tests are diaphragm tests to check

rigidization, buckling,and model sphericity. The general philosophy of

these tests has been discussed a number of times and agreement was

reached during the Technical Review at LRC on II-12 September 1963.
b

The agreements reached are presented on page 241 of GER-l!189S2.

On the basis of these ground rules a large size diaphragm test has been

_elected. The object of this appendix is to present information pertinent

to the selection of the specimen size and method of testing.

. FACTORS AFFECTING SELECTION

a. Gravity

The weight of the cloth during a test on earth must be considered as

an effective pressure. The final selection of the material has not

been made at this time but should be very close to the proposed ma"

terial insofar as weig.ht is concerned. The proposed material is l-

mil-diameter copper wire spaced 24 to the inch with a 1/2 rail of

photolyzable film. The weight of this material is

astatement oF work' fOr_ F'ea_sibii'it_ Study t{rld Prelimi{aary 'Design' of a Gravity

Gradient Stabilized Lenticular Test Satellite. NASA-LRC, 10 June 1963.

• _:" : bGERI 11189S2: __Feasibility. Study and Preliminary Design of Gravity-Gradient-

Stabilized Lenticular Test Satellite, _ Mo.nthly Progre..ss Report.. 51.9. 3,_ Septem-

ber 1963. Akron, Ohio, Goodyear Aerospace Corporation, 5 October 1963.
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b.

m

C.

Wire weight -
z x z4 x (o.ooi)z-

m m

4

X 0.3Z4
= 0.000012Z psi

Film weight = 0.0005 X 0.038 = 0.0000190

Total weight = PW = 0. 000031Z psi

Bucklin_

The buckling strength of the material is an important factor. This

is given by

d 3¸
Pcr = 0.680E -- (from GER-II201 a)

w SR z

For the proposed material this equation is plotted in Figure I-1..

Vacuum

A vacuum is not a consideration from a photolyzation standpoint, but

is advisable from a consideration of the static pressure that may be

caused by currents in the earth's atmosphere. The magnitude of

these depend upon the velocity of the currents and is given by

1
PS. L. = _ pV2

9

= 0. 001188V- psf

= 0. 00000825V z psi ,

where V is in fps.

This can be reduced by operating at a partial vacuum.

altitude, the density ratio is 0. 09413. Therefore,

currents can be reduced by an order of magnitude,

At 60,000-ft

the effect of stray

or

aGER-11201: Design of Cylinders and Spheres of Wire-Film Material. Akron,

Ohio, Goodyear Aerospace Corporation.
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Figure I-I - Buckling Pressure versus Radius for Selected Material
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d°

m

e°

m

f,

m

Pa = 0.000000777V z psi.

Temper atur e

Rigidization of wire-film material is dependent upon the stress-

strain characteristics of both the wire and the film. a The stress-

strain characteristics of photolyzable film are highly dependent upon

temperatur_ (see Figure 4 of GER-11251).b Therefore, the tests

should be conducted at elevated temperature.

Accuracy of Pressure Differential Measurements

The best equipment available is a micromanometer that is accurate

to one thousandth of an inch of water. The pressure measuring accu-

racy is then

PM = 0.000036 psi.

Maximum Pressure Required

It is estimated that the maximum membrane load level that must be

developed during the test is approximately 0.4 lb per inch. For a

180-in. radius this corresponds to a pressure of

ZX0.4

PR - 180

__j° ¢%1%A Avv-*-*psi .

° DISCUSSION OF PROPOSED TEST

The desirability of performing the tests at elevated temperature and re-

duced atmospheric density is the reason for proposing to conduct the large

diaphragm test in the Tenny walk-in chamber. With this equipment the

aGER-11117: Rigidization Analysis of Wire -Film Materials. Akron, Ohio,
Goodyear Aerospace Corporation.

bGER-11Z51: Weight Loss Behavior of Type I Photo_lyzable Film Under Simu-

lated Space.Conditions. Akron, Ohio, Goodyear Aerospace Corporation.
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60, 000-ft altitude and temperature of 200 F can be obtained. This cham-

ber is 7-ft wide, which will limit the diameter of the specimen to approxi-

mately 6 ft.

The radius of curvature selected was approximately 15 ft or 180 in. This

radius was selected so that the tooling for the Z0-ft deployment model

could be used. This will then have an included half angle of

3
sin8 = --

15

= O. OZ

8 = ll-I/Z deg .

This radius and diameter combination is so that it will be necessary to

tailor gores, and thus the manufacturing techniques employed will be

representative of the full-scale satellite.

The radius selected is also satisfactory from the magnitude of the loads

involved. These are summarized below:

Sour c e Symboi Magnitude

Gravity PW 31.Z × 10 -6 psi
6

Buckling P Z. 6 × 10 psi
cr -6

Stray currents P 0. 777 × 10
a

36 × l0 -6
Accuracy PM

Estimate maximum
4400 × 10 -6

r equir ed PR

It is evident from the above that buckling can not be demonstrated. The

buckling pressure is small compared with accuracy of the pressure-

measuring instrument. Even if more sensitive instrumentation were

used the effects of gravity, which are over 10 times the buckling pres-

sure would mask the results.

-649 -



APPENDIX I GER-11502

.

The measuring accuracy is about one percent of the maximum pressure

anticipated and from this standpoint should be satisfactory.

The most difficult item to evaluate is the effect of stray currents. These

can only be minimized by reducing density and attempting to exclude cur-

rents by testing in a closed chamber. It is desirable to have the buckling

pressure high compared with the stray current pressures that may occur.

The only way to increase P is to reduce the radius of curvature, whichcr

is contrary to the test objective.

CON C LU SIONS

It is concluded that the speci_rnen a_nm_t_,r and _e =_ =,_,,_ ...... + =_1=_+_;

is the best compromise that can be made consistent with the objective of

the te st.
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APPENDIX J - RELIABILITY PREDICTION

i. GENERAL

This appendix contains the preliminary reliability predictions that are

pertinent to the definition of the system reliability goal and the assess-

ment of the over-all satellite reliability. Predictions of monitoring

equipment and deployment subsystem reliabilities were made. Structure

and stabilization reliabilities have not been included, since the data nec-

essary for a prediction is inadequate.

The system reliability model defined for this assessment is shown in

Figure J-l. Two phases of operation have been specified in the estab-

lishment of the model - the deployment phase and the orbit-operational

phase.

The mission profile in time has been defined to consist of one hour of op-

eration in tLhe deployment phase and 200 hr of operation in orbit. Com-

ponents that experienced one cycle, redundant, and continuous modes of

operation, respectively, were considered separately within the deploy-

ment subsystem.

Reliability predictions for the monitoring equipment used within each

phase are treated separately since the monitoring function does not affect

the satellite reliability goal as presently defined.

Z# ASSUMPTIONS

The following assumptions were made in obtaining the predictions:

1. The exponential failure law is valid for the continuous

operating equipment listed in the ensuing tables, that is,

the reliability, R, can be expressed as
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a

o

-kt
R = e

where k is the failure rate per hour, t is the mission

time in hours, and MTBF {mean time between failure)

- 1/_.

2. The product rule is applicable, that is, individual com-

ponent failure probabilities are independent, and the

total failure rate k T can be calculated by

N

k T = _ ki •

i = 1

3. Redundant portions of the syst'em operate continuously

and the reliability, R, can be predicted by

R = [1- (1- R1)(1- RZ)] ,

where R 1 and R z are the reliabilities of the respective

redundant components for a specified mission time.

4. A failure of any component, excluding redundancy, re _

sults in failure of the system.

FAILURE RATF_ DATA

The failure rate data listed in Table J-lwere used as the basic source for

the predictions herein. Secondary sources were the Bureau of Naval

Weapons Data Handbook {Far'ada} and the Avco Corporation's Reliability

Data Series publication on failure rates.

PREDICTIONS

The following tables show the procedure used to obtain the reliability

predictions and list the components used within the respective equipment

blocks shown in Figure J-l.
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TABLE J-I - OBSERVED COMPONENT-PART FAILURE

RATES FROM SATELLITE ORBITAL DATA m

Component part

Capacitor - general purpose

Capacitor - tantalum

Choke - filter

Choke - r-f

Coil - r-f

• Crystal - quartz

Diode

Signal

Power

Zener

Magnetic amp

Motor

AC

DC

Potentiomete r

Relay - general purpose

Re sistor

Solenoid

Switch/commutator

Transformer - power

Transformer - i.f., signal

Transistor

Signal

Powe r

Photomultiplie r

Failures/106 hr

0.6

5.0

7.5

3.0

2.0

Z. 0

1.7

3.5

2. g

16.0

88.0

88.0

15.0

Z0.0

0.5

36.0

1.5

Ig.O

4.0

6.0

40.0

16.0

*Component Reliability in Orbiting Satellites, Proceed-

inks of 1962 Electronic Components Conference r May, 1962
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TABLE J-II - DEPLOYMENT SUBSYSTEM

(CONTINUOUS OPERATING EQUIPMENT)

C ompone nt

3 Coils

1 Antenna

Solar Cells

1 Charge regulator

Batte rie s

8 Valve s

1 Program sequence timer

I Power control

3 Power regulators

3 Or gate s

3 Amplifier s

3 Comparator s

.F.ailur e s / 106 hr *

6.00

00
JD

z.00

8.8Z

1.40

40.00

1,20

Z0.00

Z6.46

10.95

134. 70

64.50

321.03

Results:

E)" = >'c = 321 X 10 -6

-kct -(321 X 10 -6) (1)
R = e = e

R = 0. 9997

A goal was obtained by doubling the mtbf.

Rgoal

-6
-(160 X I0 ) (I)

= e

Rgoa I = 0.9998
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TABLE J-III - DEPLOYMENT SUBSYSTEM

(ONE-CYCLE EQUIPMENT)

E stimated

Function re liability*

Canister separation

Canister de spin

Canister separation,
4th stage

Pre ssure equalization

O. 9999

O. 9998

0.9999

0.9999

= prouaulhty of no function failure =
0. 9995

TABLE J-IV - DEPLOYMENT SUBSYSTEM

(REDUNDANT EQUIPMENT)

Component

Receiver

Torus pressure

Torus pressure gage

Component failure

rate per hour

-6
Z50 X 10

No. 2 and

time override

Boom pressure

gage No. 1

Lens pressure

gage No. 1

Lens pressure

gage No. Z and
time override

-A
zxlu

-6
ZXIO

-6
0. IZ X i0

Z Xl0 -6

-6
ZXI0

-6
0. IZ X i0

Success probability of
redundant combination
for one-hour mission*

1.0

1.0

1.0

1.0

Probability of successful redundant equipment operation, R T 1.
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TABLE J-V - DEPLOYMENT MONITORING SUBSYSTEM

(CONTINUOUS OPERATING EQUIPMENT)

Component Failures/106 hr*

1

1

2

1

1

I

i

Z

Beacon

Or gate

Antennas

Signal conditioning

Commutator

Oscillator

Recorder

Tr ansmitte r

Amplifier s

4.00

3.65

I0.00

76.00

1.50

8.80

88.00

300.00

89.80

581. 75

Results:

-6
X = 582 X I0X= k m

1%
-Xm t -(582 X i0-6) (i)

= e = e

R = 0. 9994

TABLE J-Vl - OPERATION MONITORING SUBSYSTEM

(MISSION TIME = Z00 HR)

1

Z

1

I

Component Failures/1 0 6 hr*

Solar cells

Charge regulator

Batte tie s

Antennas

Beacon

Power, control

Z. 00

8.8Z

1.40

I0.00

4.00

Z0.00
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TABLE J-Vl - OPERATION MONITORING SUBSYSTEM

(MISSION TIME = Z00 HR) (Continued)

Component

Solar attitude and
rate sensors 180.

Thermocouples 16.

Magnetometer 10.

Or gate 3.

Commutator 1.

Signal conditioning 76.

Amplifier s 89.

Oscillator 8.

Timing mechanism 1.

Recorder 88.

Tr ansmitte r 300.

821.

*Results:

Failure s/106 hr*

O0

O0

O0

65

50

O0

8O

80

30

O0

O0

17

-6
R = e "(8ZI X I0 ) (ZOO) = e-0. 164

= U. _D
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APPENDIX K - SEQUENCE OF OPERATIONS AND FAILURE MODES

DURING DEPLOY MENT

Event Event and time Failure Subsystem in which
no. (after launching} mode no. Failure mode failure occurred

3

4

Equalize pressure
in canister
13 min

Ejection of pay-
load from 4th

stage - 224 min

De spin (Yo-yo}
774 min - 15 sec

Separation of can-
ister - 274 min
30 sec

23

2

3

6

_A

Z

3

Squib-ope rated valve
doesn't operate

Lead wire broken

Squib doesn't fire

Dirt in valve

Blocking of air flow
within structure
could cause blowout

Orbit disturbed by
exploding device

See 2 above

See above

Payload ejection
system* doesn't
work

"_ b LA

stage may not stay
separated - might be
caused by improper

spring action at re-
lease. May interfere
with radar reflection.

Yo-yo weight release
timing* off '

Yo-yo cable release
timing* off

See above

See above

De ploym ent

De ployme nt

De ployment

De ployme nt

Structure

Unknown until

detail de sign
available

Scout, payload

ejection system

D=pioymen_

Deployment

De ployme nt

Additional analysis is required.
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Event

no,

5

Event and time

(after launching)

Open main gas

supply valve

224 rain - 31 sec

Open torus and
boom inflation

valve - ZZ4 rain

3Z sec

Open lens inflation

valves - 227 rain

45 sec

Failure

mode no.

Z

4

9

i0

Z

4

5

9

10

11

1Z

13

14

Z5

Failure mode

See above

See above

Failure of, pro-
grammer

Failure of valve*

See above

See above

See above

See above

See above

Rim fails to remain

in a plane and
buckle s

Excessive diffusion

or leakage of gas

causes disturbing

torque from which
satellite cannot

recover

When canister sepa-

rates it may pull

boom off torus

Pressure sensor

may give signal at

too low a pressure,

re suiting in incom-

plete rigidization or

at too high a pres-

sure causing blowout

of structure, includ-

ing damage due to

vibration during

launch

Final position of

satellite after deploy-

rnent prevents stabi-

lization

Subsystem in which
failure occurred

De ployme nt

Deployment

Structural

Structural

Structural

De ployment

De ployme nt

*Additional analysis is required.
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Event

no.' Event and time ] Failure ]'(after launching) mode no. Failure mode
Subsystem in which

failure occurred

6
and
7

The following failure modes are all associated with t_e materials

Open dump valves
Z30 min, 45 sec

Deploy damper
and spring
Z30 rain, 45 sac

Open inflation
valve s

15

16

17

18

19

ZO

Z1

ZZ

2, 4, 5,

9, I0

Z4

Z7

Local yield strength
higher than test

samples, resulting
in incomplete rigidi-
zation, possibly at
seam

Local ultimate

strength lower than
test samples, result-

ing in blowout, pos-
sibly at seam

Failure at bond be-
tween boom and rim

Sticking together of

photolyzable material

Temperature ex-

tremes and tempera-

ture cycling may
cause blowout

Excessive creasing
caused by either
launch vibration or

prelaunch storage of

structure may result
in blowout

Pressure buildup may

be too rapid, causing
blowout

High pressure surge

through valve at open-

ing may cause damage

See above

Tangling of spring

during deployment

Hang-up of structure
during deployment

Structural

Structural

Structural

Structural

Structural

Structural

Structural

Structural

Stabilization

Structural
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APPENDIX L - FAILURE MODES DURING OPERATION

Failure mode

Wear of damper may cause degradation
of damping

Degradation of damping properties of
ca_nium-plated spring

Low-cycle fatigue failure of BeCu spring

Local variations may give signals in phase
when it should be out and vice versa

More general (less localized} variation of
the lens radius across the seams which

may affect the r-f return energy

Low-cycle fatigue of rigidized structure

Thermal fatigue of structure

Failure due to micrometeoroid damage

Subsystem in which
failure occurred

Stabilization

Stabilization

Stabilization

Str uc tur e

Str uctur e

St r uc tur e

Str uc tur e

Str uc tur e
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APPENDIX M - EXAMINATION OF DISTURBING TORQUE ON FULL-SCALE

SATELLITE CAUSED BY NONUNIFORM GAS LEAKAGE

l , ABSTRACT

Initial data have been reduced to a form showing the reaction pressure per

square inch of material (see Table M-I).

An example of adverse distribution of porosity has been shown_resulting

in a disturbing torque of 0. 189 ft-lb.

The maximum value of gravity-gradient restoring torque is shown to be

0.737 ft-lb. This indicates that leakage and diffusion must be controlled

and that the maximum allowable disturbing torque should be determined.

TABLE M-I - DATA FROM DIFFUSION TESTS*

Material measured

Wire cloth and film

Film only

Diffu s ion

(liters per
squat e meter

per Z4 hr)

3000

Z400

3000

1200

400

800

AV/At

(in. per sec)

-3
1. 368 X 10

-3
I.094 X I0

-3
1. 368 × 10

-3
0. 547 X i0

-3
0. 18Z X I0

0. 364 X 10 -3

*Accuracy of data is questionable.
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Caution should be exercised in the use of this analysis for the following

reasons:

I. The film tested was an early sample.

2. The diffusion was greater than the measuring equip-

ment was designed for; therefore, the accuracy is

questionable.

2. DISCUSSION

Tests were run with a pressure differential of 3 cm of water and helium

gas (density of helium = 6.45 X l0 -6 lb per cubic inch; 3 cm of H20 =
-3

42 7_ × 10 _,=_
• _ . . _ ]7-_A! .

Using Equation M-6, below:

PR = 1

42.75 X 10 -3 × 6.45 X I0-6( ib X ib )
Sq in. cu in.

× 32 2 X 12|inched-I/_\2
• \/_sec 2 .

= 1.891%4 X 10 -5 ib per square inch. (M-l)

AV
"AT-

PR

-3
1.368 X I0

2.58 X I0 -8

ib per square
inch

-3
I. 094 X 10

2.07 × 10 -8

-3
[}. _47 X 1[_

i. 035 X 10 -8

-3
qAA V _ n

-8
0. 689 X i0

O 1°° X i_ -3

-8
0. 344 × I0

Let v = velocityof discharge through orifice. Then,

where

P
(M-Z)
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g = acceleration due to gravity,
squared;

p=

@=

The diffusion data represent

inch of cloth, and

feet per second

internal pressure, ib per square inch; and

density of gas, ib per cubic inch.

a discharge per second AV/At per square

AV

--= vA Aat ' (M-3)

where A A is the apparent area through which gas escapes per square inch

of cloth and film.

AV
At

A A - , (M-4)

and A A can be calculated for each item of data from the diffusion tests.

The thrust reaction from the escaping gas is

F = CpA A , (M-5)

where C is an unknown orifice coefficient, and p and A A have been defined

previously. NowA A is defined as the apparent escape area per square

i,ch of cloth ana fxlrn. Therefore, F is the thrust reaction per square

inch of cloth and film, so F can be called the reaction pressure, PR"

 v/f¢
PR = C __ (M-6)

The following is an example of adverse porosity distribution. (No attempt

has been made to show the probability of occurrence of this distribution.)

Assuming that the area of the crosshatched section is one-third of the pie

section shown in Figure M-I, and that there is an extremely high reaction

pressure in this area and a uniformly low pressure in all other areas, the

reaction torque will be
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where

If

Figure M-I - Example of Adverse Porosity Distribution

Z_PRA × _R = T,

APR. = Pmax Pmin '

1 1 9

_ : _x_x.R', and

: 73 X _4 X_C133Sl3 × 10

= 0. 189 ft-lb .

-8

P
max

267 ft
R = 2 = 133.5 ft,

-p
rain

-8
= (Z. 58 - Z.07) x I0

= 0.51 X 10 -8 ib per square inch

= 73 X 10-8 ib per square foot .

(M-.7)
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The gravity-gradient restoring torque about the pitch axis is

3 Z

Tg = - _ w ° (Ix - Iz) sin Z8 . (M-8)

This restoring torque will be a maximum when 8 = 45 deg; then,

T = 3
g " _ woZ(Ix - Iz)

3
= - _(8.7 x 10-4)(649 x 103 )

-5
= 73,700 x I0 ft-lb

= 0. 737 ft-lb.

I
X

2
= i,026, 173 ib-ft-sec

i
Z

2
= 377,529 ib-ft-sec

I - I = 648,644 ib-ft-sec z ,
X Z

A-" -,4

O)° - 8.7 × I0 ":tad per second.

This represents the maximum value of restoring torque, which will vary

sinusoidally with {9.
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APPENDIX N - ESTIMATED FLIGHT ENVIRONMENT OF THE

SCOUT LAUNCH VEHICLE

, GENERAL FLIGHT ENVIRONMENT

a. Temperature

The nose-cone heat shield around the fourth-stage motor and payload

is of fiberglass and is jettisoned just prior to third-stage ignition.

The surface temperature of the inside surface of the heat shield will

experience a temperature rise varying from 350 F on the conical sec-

tion to 210 F on the cylindrical section during the approximately 128

sec of burnin_ time. The_ temperature _........._ *_-e ,_y_v_1_ ...-_,_be _^

function of its proximity, its surface emissivity, and the amount of

insulation placed between it and the heat shield.

Pressure

The minimum pressure will be approximately 10 -9 mm of mercury.

c. Acceleration

The average value of the maximum acceleration imposed on the pay-

load is 23 g for approximately 30 sec. This loading occurs during

fourth- stage burning.

d. Shock

Shock impulses of 30 g with durations of 11 ± 1 msec (all axes) will

occur.

e_. spin

Maximum spin will be 180 rprn.

f. Vibration

Table N-I indicates the general nature of the vibration environment

b.
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to be expected. These levels represent the input to the payload sup-

port structure in the thrust axis.

TABLE N-I - EXPECTED VIBRATION ENVIRONMENT

Duration

per
axis

(rain)

0 35

0.80

0.50

,t;t_

O. 20

Frequency (cps)

Lower

Z0

50

500

_u

5O

Upper

50

500

Z000

&_ %2 %J %1

7O

Acceleration

Sine

log

sweep

(-,-g)

1

4

8

Z

Random

(g rms)

7.7

Power

spectral

density

(gZ/cps)

0.03

. RECOMMENDED MECHANICAL ENVIRONMENTS

a. Test Levels

The following paragraphs are a summary of minimum basic test re-

quirements and recommended test levels for the environmental test-

ing of prototype and flight models to be launched by Scout vehicles.

l_ney cover only the mechanical envirum_zenL d_Li** Z ,._,,_........_=_ent

through spacecraft separation, but apply to the complete spacecraft

assembly. These basic requirements are considered to be a mini-

mum for the demonstration of the structural, mechanical, and elec-

tronic integrity of the spacecraft during flight ascent.

b. Dynamic Balanc e

The spacecraft in its fourth-stage spin-up configuration and with sys-

tems nonoperating will be balanced statically and dynamically, prior

to the other tests, within the following limits:

i. Maximum static unbalance - 12 oz-in.

Z
_2_ Maximum dynamic unbalance - P.00 oz-in.
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The prototype will be balanced dynamically at i-I/4 times the maxi-

mum flight spin rate. Flight hardware will be balanced dynamically

at the maximum flight spin rate (maximum flight spin rate = 180

rprn).

c. Acceleration

The prototype spacecraft will be operating during the acceleration

tests in each of three axes. Acceleration applied along the thrust

axis should be 1-i/2 times the maximum calculated level for the

spacecraft weight and center of gravity (cg) for a duration of 3 rain.

Acceleration applied in each of the transverse axes should be at 3 g

for a duration of 1 min. Acceleration gradient from the cg should

not be over ±10 percent. The acceleration test will be performed

sary (average maximum acceleration achieved is 23 g).

d. Shock

The spacecraft in the fourth-stage ignition configuration will be op-

erating during exposure to the shock tests in the thrust axis. The

prototype spacecraft will be subjected to three i/Z-sine pulses of

30-g peak amplitude and I0 to 15 msec total duration. The flight

suacecraft shall be subiected to a i/2-sine Pulse of 20-_ peak am-

plitude and 10 to 15 msec total duration.

e. Vibration

(I) General

The spacecraft (including the support and separation assembly

structure which attaches the payload to the fourth-stage motor)

should be operating during exposure to the vibration test. The

test levels apply at the interface of the forward motor shoulder

of the fourth-stage motor. The tests should be performed with

a structurally and dynamically similar separation assembly in-

stalled. The sinusoidal vibration test will be conducted by
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(z)

sweeping at a logarithmic rate from the lowest to the highest

frequency once for each range specified. The random vibration

test will be of random peak accelerations over the frequency

ranges specified. The peak accelerations that exceed the grms

value by more than three times will be clipped and not be im-

posed on the spacecraft.

Prototype Spacecraft

(a) Sinusoidal Vibration Test

Apply one sweep in each of three axes at a logarithmic sweep

rate not greater than two octaves per minute (see Table N-

II).

TABLE N-II - SINUSOIDAL VIBI_ATiON Tr_l -

PROTOTYPE SPACECRAFT

Frequency

range

(cps)

5to i0

50 to 500

500 to 2000

Acceleration (±g)

Thrust

axis

0.4 in DA

2.0

6.0

12.0

Transverse

axes

0. 2 in.DA

1 • 0*

1.5*

2.5

*The acceleration at the spacecraft cg will be limited to

±3 g from i/2 the first resonant frequency of the space-

craft to i-i/2 the frequency when vibrated in either of the
transverse axes.

(b) Special Sinusoidal Vibration Test

Apply one sweep of frequency range 50 to 70 cps for 24 sec

at ±3 g in thrust axis only.
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(c) Random Vibration Test

Apply Gaussian random for 4 min in each of three axes (see

Table N-III).

TABLE N-IlI - RANDOM VIBRATION TEST -

PROTOTYPE SPACECRAFT

Axi s

Thrust

Transverse (2.)

Frequency

range

(cps)

Z0 to 2000

20 to Z000

Acceleration

(g rms)

11.5

6.3

Power

spectral

density
reference

(gZ/cps)

0.07

0.0Z
!

(3) Flight Spacecraft (Flight Acceptance Tests)

(a) Sinusoidal Vibration Test

Apply one sweep in each of three axes at a logarithmic

sweep rate not greater than 4 octaves per minute (see Table

N-IV).

FLIGHT SPACECRAFT

Frequency

range

(cps)

20 to 50

50 to 500

500 to 2000

Acceleration (±g)

Thrust

axis

1

4

8

Transverse

axe s

0. 6 _

0.8

1.6

The acceleration at the spacecraft cg will be limited to

±3 g from 1/2 the first resonant frequency of the space-

craft to 1-1/2 the frequency when vibrated in either of the

tra_n_sver se axes_
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(b) Special Sinusoidal Vibration Test

Apply one sweep of frequency range 50 to 70 cps for i2'sec

duration at ±2 g in thrust axis only.

(c) Random Vibration Test

Apply Gaussian random in each of three axes for Z-rain dura-

tion for thrust axis and l-rnin duration for each of the trans-

verse axes (see Table N-V).

TABLE N-V - RANDOM VIBRATION TEST -

FLIGHT SPACECRAFT

Axis

Thrust

Transverse (2)

Frequency

range

(cps)

Z0 to 2000

Z0 to 2000

Ac c eler ation

(g rms)

Power

spectral

density
reference

(gZ/cps)

0.03

0.01
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APPENDIX O - POTENTIAL PASSIVE SATELLITE

COMMUNICATION SYSTEM FOR ALL NATIONS

This appendix is a paper to be presented by Mr. C.

M. Kelly of GAC's Astronautics Systems Department

at _h_ XVth International ........ " _.... _ru,J=._tic_ Congress,

September 1964, Warsaw, Poland.
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GENERAL

This paper provides data to show the promise of a lenticu'lar gravity-

gradient stabilized passive communication satellite system to provide

scores of global broadcast type audio and television channels as well as

tens of thousands of voice telephone circuits. It is expected that the sys-

tem could fulfill most of the satellite communication requirements on this

planet for the remainder of the century.

The _ystcm presented exploits recent advances in space technology and

the many natural capabilities of lenticular satellites such as:

i. Wide communications bandwidth

Z. Terminal sharing - i.e.; ability to permit small in-

expensive ground terlninals to r_eiv_ _ign_l_ froln

and transmit into the satellite communication net-

work. This is accomplished by receiving the strong

signal reflected from the satellite via a high powered

transmitter and a large antenna of a master termi-

nal. Transmitting into the system from a small

inexpensive terminal with a low power transmitter

is practicable because of the large antenna and

sensitive receiver of the master terminal.

3. A satellite radio reflection cross-section-to-mass

ratio improvement with respect to Echo II of more

than i00 for higher orbit satellites.

4. Launch vehicle payloads up to i00, 000 ib by using

vehicles that are developed on the manned space

flight program.
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5. Useful satellite life of tens of years

6. Satellites that are immune to radiation damage

7. Accomplishment of minor orbital adjustments by

solar sailing, i.e., adding ancillary structures or

surface coatings, and actuating provisions on the

satellite to permit orbital positioning with the

forces generated from solar radiation pressure

8. Improvements in ground transmitters, receivers,

and antenna technology

LENTICULAR SATELLITE BACKGROUND

Like its antecedents Echo I and II, the lenticular gravity-gradient sta-

bilized passive communication satellite is a technical offspring of Langley

Research Center of the National Aeronautics and Space Administration

(NASA).

The objectives of Echo I were to demonstrate the feasibility of large in-

• J._Lao±e spheres as communication reflectnr_.........._A *o _y_+"_"*_,= _-u_._vlorl

of large, lightweight erectible structures in space environment, l,a

Many communication experiments were carried out via Echo I including

the establishment of teletype, facsimile, two-way voice and television

circuits, using various _ypes of modulation techniques. No deviations

from propagation theory were observed, and the returned signal strength

from Echo I was within 1 db during the two weeks that the satellite was

pressurized.

Echo II was developed to permit further investigation of inflation, rigidi-

zation, surface contouring, thermal control, structural techniques, fab-

rication techniques, microwave wave reflectivity characteristics, and

communication system characteristics of large lightweight space struc-

tures.

Echo I and II have contributed significantly to the understanding of the

space environment and the nature of orbital perturbations. Echo satel-

lites have demonstrated that high area to mass structures are very

aSuperior numbers in the text refer to items in the List of References.
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sensitive to solar radiation pressure and have provided experimental

background for the solar sailing station keeping techniques discussed in

this paper.

Early in 1963 NASA awarded study contracts to improve passive satel-

lites in general and to determine the feasibility of (i) stabilizing a len-

ticular satellite by means of the earth's gravity gradient field a and (Z) ap-

plying solar radiation pressure to provide the necessary mobility for
b

initial orbital placement and orbit position control. Other goals of this

program include: (I) improving the satellite radio reflectivity to weight

ratio; (Z) developing oriented spherical lenticular segment type satellites;

(3) applying solar sailing, orbital placement, and station keeping tech-

niques; (4) applying advanced materials and structures; and (5) satellite

improvement by any other practicable method.

A configuration was selected, based on preliminary studies, which offered

structural advantages over other designs considered.

This configuration is illustrated in Figure 1 and forms the basis of the

sub iect paper, it is discussed in greater detail in the subsequent para-

graphs.

LENTICU LAR CONCEPT

A lenticular shape is defined as the spherical cap formed by the inter-

section of a sphere and a plane. The lenticular angle (8) is formed by the

lines extending from the center of curvature to the sphere-plane inter-

section.

Deca_ of Lhe ground station and sateiilte orbit system geometry (see

Figure Z), only a small portion of an Echo spherical type structure is

required for radio reflection to the earth at any particular time.

The lenticular satellite concept takes advantage of this situation by using

the material that would have comprised a sphere to form a lenticular

shape with a larger radius of curvature (_), and hence a much larger

radio reflection cross section (_), for a given weight, particularly at the

aGoodyear Aerospace Corporation, Akron 15, Ohio.

bwestinghouse, Baltimore, Maryland.
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higher orbit altitudes. For a sphere or a lenticular satellite the radar
2

reflection cross section is equal to o- = ?Te .
S

SCOPE OF PAPER

This PaPer describes the communication capabilities that could be realized

using a lenticular gravity-gradient stabilized passived satellite communi-

cation system. Both the low-orbit (2000 naut mi) and the synchronous-

orbit applications are discussed. The terminal sharing and wide band-

width capabilities inherent in a spherical segment-type passive satellite

system are presented. The low orbit system shows near future capabili-

ties and the synchronous orbit system typifies the significant capabilities

that might be realized in the more distant future.

This paper also describes a technique for passive satellite orbital place-

ment and station keeping. This may be accomplished by adding or re-

moving energy from the satellite orbit via solar radiation pressure re-

acting on the passive satellite structure, while sailing away or toward

the sun respectively.
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SECTION II - SATELLITE

i. GENERAL

The primary research and development of this past year has been centered

around the 267 ft, 1250 ib satellite illustrated at the top of Figure i. Also

shown is a 20-ft model, successfully deployed in the NASA-Langley 60-ft

space chamber. Configuration, deployment and packaging characteristics

of a lenticular satellite are shown in Figures 3 and 4.

The satellite consists of two low-curvature, radar-reflective, wire grid

spherical segments joined back-to-back. The reflective surface is typi-

cally 1 rail wire screen with 1/21 in. apertures. A i/4-mil photolyzable

film bladder deploys and contours the lenticular wire grid !e_s in space

bv gas inf1_t_nn. A_=_- A=_I_, ..... + +_. ::I__ _i...._._• _.................. _._ .......... c _ =_vw±y evapoi0at_ or photo-

lyzes due to exposure to the solar radiation spectrum. This provides a

wire grid that is essentially transparent to the solar radiation spectrum

but reflective to microwaves. Characteristics of Type-Z photolyzable

film are shown in Figure 5.

The satellite lens is bounded by a peripheral rim, a torus, and two dis-

placed masses that are each supported from the rim by a series of boom

structures. The inflation of the entire system elongates the surface to

the yield point region of the material to rigidize the lenticular surfaces,

The two spherical segments are interconnected through a solid rim of

collapsible cross section. The rim might be fabricated of beryllium

copper hollow flexible tape and includes two hinged joints 180 deg apart

to permit proper packaging of the system. The rim also provides the

structural attachment for the booms supporting the gravity-gradient masses

and perhaps the solar sails.

The lenticular lens and metal rim are encircled by a torus section. The

torus is inflated first, thereby unfurling the packaged lens surfaces, and

is maintained under a relatively high pressure to support the erection
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loads imposed by pressure contouring of the lens surfaces.

Two masses, one on each side of the lenticular shape, are supported at

the apex of the booms. These masses, which provide the required lon-

gitudinal to transverse inertia ratio for gravity-gradient stabilization

torques, consist of the packaging canister halves and fixed equipments,

such as inflation system and damping system. The inflatable elements

of the satellite are packaged in the canister, which, at deployment, sepa-

rates at its equator.

The earth-side canister half of the stabilized configuration provides the

mounting interface of the inflation system and the electrical system com-

ponents. The opposite canister half provides the mounting interface for

the damping system.

Z. GRAVITY-GRADIENT STABILIZATION AND ORIENTATION SYSTEM

The purpose of the stabilization system is to keep the lenticular satellite

oriented to the local earth vertical within a nominal accuracy of +3 deg.

To do so the stab_l_za*ion _v=tem _nust ensure: (i) _ha t initial attitude

errors are damped out within a reasonable time limit; and (2) that steady-

state perturbing torques on the satellite, such as those due to orbital

frequency, solar pressure and orbital eccentricity, are prevented from

building up attitude errors in excess of the nominal accuracy. The gravity-

gradient stabilization system consists of gravity-gradient booms with at-

tached canister masses and a libration damping device. Figure 6 presents

a schematic of the system. For gravity stabilization purposes, the im-

portant considerations are the moments of inertia of the principal axes

A_ &t - , .4.

..... = ==Le_11_e, including the contribution of the gravity-gradient booms

and their associated canister masses, and the energy dissipation capability

3
of the damping device.

On the basis of studies made so far, it appears that the orientation sys-

tem does not require any active attitude control jets or magnetic torquing

coils.

Studies of the gravity-gradient stabilization system have considered both

transient and steady-state disturbance conditions. Figure 6 presents a

sketch of the dual-mode lossy spring and fluid damper as applied to the

lenticular satellite. This form of the damper is a very efficient as a
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gravity-gradient stabilizer device, and provides damping time constants

in both pitch and roll axes of the order of I-I/2 orbits as indicated in Fig-

ure 7 and has no steady bias or hang-off errors. However, further studies

must be made to assess the full effect of cross coupling in the equations

of motion. Present results are therefore somewhat tentative, but very

encouraging.

3. SATELLITE SIZE AND WEIGHT CHARACTERISTICS

Physical characteristics and a weight scaling relationship are shown for

the current lenticular design (Figure 8). The satellite without a sail

weighs about 1250 lb, including canister and deployment equipment and

material. It has a radius of curvature of ZOO ft, with a lenticular angle

for several curvatures and versus satellite diameter are presented.
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SECTION III - COM NICATION SYSTEM I' _RFORMANGE

The flexibility. _assiv¢ icular communications satellite system is

show_ _.v tr_ _round terminal capability into a master termi-

nal, ,_eous comm_l_i .... ns is possible with a variety of remote stations

of lesser capability. The rei_. _,' power required to communicate back is re-

duced by the ratio of the receive, capabilities, a feature not realized with ac-

tive communication satellite systems.

Equivalent reflected power is plotted versus slant range in Figure I0 for sam-

ple values of lenticular curvature and transmitter power. It can be seen that

sizable numbers of watts of equivalent reflected power as defined by the equa-

tion can be achieved with the lenticular satellite. PT' GT' GS and G are the

-radiated power, transmitter antenna gain, satellite gain, and path loss with

reference to an isotrope, respectively.

An example calculation for a low-orbit lenticular communication !ink is shown

in Figure ii. A bandwidth of 7 mc is shown for typical ground terminals and

a relatively long link. Trade examples illustrate the larger bandwidth avail-

able with a shorter link distance or reduced lenticular curvature and smaller

bandwidth for a smaller receivine dish.

The equation shown for system bandwidth (B) illustrates one of the most im-

portant aspects for realizing the economic design of a passive communication

satellite system. That is, the appropriate trades available for realizing the

link parameters of transmitter power (PT), antenna gains (G T and GR), satel-

lite gain (Gs) , receiver noise temperature(TR) ,and link frequency (f). As

shown by the bandwidth equation, PT' GT' GR' and G S are linearly related

and may be directly traded. The receiver noise temperature (TR) trades in-

versely, and the frequency (f) trades on a second power basis for bandwidth.

One of the most common ways of making a passive comsat system appear
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impracticable is to attempt to provide too large a portion of the link capability

with the G S parameter rather than by choosing an economic balance among all

available parameters.

The bandwidth achievable in the previous example is presented in Figure IZ as

a function of vehicle antenna diameter for typical parametric conditions of

lenticular cross-section, main terminal transmitting power and receiver noise

temperature. Satellite altitude is Z000 naut mi. The chart is equally appli-

cable to communication back from the vehicle to the main terminal if the val-

ues of transmitting power shown are reduced by the ratio of receiver noise

temperatures.

This chart shows how trades can be made between the two terminal environ-

ments and how for given terminal environments bandwidth is proportional to

the lenticular cross-section. Limited bandwidth communication can be ac-

complished with a very small vehicle antenna.

Figures 13 and 14 tabulate example values for the various classes of communi-

cation service, terminal to remote and remote back to main terminal.

in Figure i5 satellite weight scaled from the current lenticular desizn (no

solar sail) is shown versus slant range and orbital altitude for a bandwidth of

8 mc achieved from three different ground environments.

The table below gives the salient characteristics of candidate passive satellite

systems.

TABLE I - EXAMPLE SYSTEMS - 2000 NAUT MI ORBIT

P_tla s

Characteristic s Agena-D Titan Saturn C - 5

Number of satellites

Launch vehicles (rain)

Satellites per vehicle

Orbital planes

24

3

8

3 at 120 deg

IZ0

3

40

3

Radius of curvature (ft)

Lenticular angle (deg)

Satellite weight (ib)

Station keeping

Payload (Ib)

apart

2OO

40

325

Some

2600

Z00

40

3Z5

Consider

IZ, 000

80

Z

40

2

648

4O

3000

Consider

120, 000
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Figure 16 shows that equivalent reflected power is essentially constant for a

fixed weight lenticular satellite (without sail) provided that the lenticular angle

is scaled as indicated in Figure i.
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Figure 16 - Lenticular Satellite Weight versus Orbital Altitude for Constant

Equivalent Reflected Power
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SECTION IV- ADVANCED SYSTEMS CONCEPT FOR SYNCHRONOUS ORBIT

i ° GENERAL

Isotropically reflecting passive communication __ ,I:_s_Le_-_es, such as EchoI

and Echo /L[,have not been considered seriously for synchronous orbit al-

titudes because the associated communication system suffers a fourth

power transmission loss with respect to path distance to the satellite.

However, for a fixed-weight lenticular satellite the effective over-all

system path loss reduces in effect to that of approximately the square of

the distance to the satellite. This is because the satellite's lenticular

angle is _1=_,_ ,_ illuminate only the region near the earth rather than

reflecting isotropically like a complete sphere. This fact can also be

deduced from Figure 16 by noting that the equivalent reflected power is

essentially independent of orbital altitude for higher-altitude orbits.

S.ynchronous orbit passive communication satellite systems capable of

providing point-to-point facilities, as well as voice and television broad-

cast capabilities, are discussed in the following paragraphs to show the

great potential of future lenticular passive satellite communication sys-

tems.

. POINT-TO-POINT COMMUNICATIONS

Figure 17 shows the point-to-point communication capabilities expected

from solar sail-equipped synchronous-orbit lenticular gravity-gradient

stabilized satellites. Table II gives satellite characteristics for a few

typical launch vehicle systems.

From Figure 17 and Table II it can be deduced that such capabilities as

point-to-point television circuits or hundreds of voice channels can be

established with (i) a 70-ft lenticular satellite launched by a Thor-Delta,
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TABLE II - SATELLITE CHARACTERISTICS

Launch vehicle

Satellite

diameter

(ft)

Thor-Delta 70

Atla s-Agena B 140

Titan III 400

Saturn C-5 1120

Satellite

weight

(lb)

i00

390

3, 2OO

25, 000

Satellite

radius of

curvature

(ft)

200

400

I150

3200

Gain over

70 ft

diameter

(db)

0

6

15

24

With reference to Echo I.

Reflection

cross

section

16

61

1024

4096

._. (Z) two IZ0-ft antennas similar to the Haystack antenna 4 and a 500-kw

transmitter.

If a Saturn C-5-1aunched ll20-ft lenticular satellite is used, a television

.................................... ,.,y_,,..,-,_, _..,. a,,,.,..,,,,o.o ,=.,,,., receivers
5

with a 50-kw transmitter. Moreover, since the lenticular satellite has

a frequency reflection characteristic that is thousands of megacycles wide,

many other ground links could use the satellite simultaneously.

, VOICE AND TELEVISION BROADCAST

Figures 18 and i9 show the audio and television broadcast capability af-

forded by the parameters indicated on the figures.

The 1000-ft antenna and the 150-kw, 400-mc transmitter installation at

6
ARECIBO, Puerto Rico, together with a llZ0-ft lenticular satellite de-

scribed below could provide the broadcast facility for audio programs.

Broadcast reception could be achieved via an oriented antenna with a 15-

db gain and audio receiver equipped with the appropriate frequency con-

verter.

Since the bandwidth capabilities of a passive communication satellite in-

crease as the square of the link frequency, when both antenna apertures

areas and other link parameters are held constant, a TV broadcast ca-

pability could be achieved with the above 1000-ft antenna and a 4-db in-

crease in transmitter power if the transmitter frequency raised to 8000

inc. However, since 1000-ft antennas capable of operating at 8000 mc
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are almost impracticable because of structural tolerances, the television

broadcast transmitting terminal could be more appropriately implemented

with 1500-kw transmitter and a 500-ft antenna (twice the diameter of the

Jordell Bank antenna).

Broadcast television reception could be accomplished via a 4-ft oriented

parabolic antenna, a low-noise 8000 mc to uhf converter, and a conven-

tional television receiver.

Audio signals could be transmitted from the broadcast receiver locations

back to the large antenna terminal by a transmitter in the tens of watts

range at 8000 mc and in the tens of kilowatts range at 400 mc.

4. SATELLITES

.

The lenticular satellite configuration and construction details discussed

in Section II for lower-orbit satellites generally apply for synchronous

orbit, except for the change in lenticular angle and modifications to the

gravity-gradient stabilization and solar-sailing subsystems (Figure 20).

These changes are discussed in the following paragraphs.

LENTICU LAR ANGLE

A lenticular angle of 20 deg was selected for synchronous orbit applica-

tions rather than 17 deg to allow for possible perturbations in the gravity-

gradient stabilization system. If the satellite were perfectly stabilized

and relaying of the signal through a ground terminal were permitted, line

of sight coverage could be provided with a lenticular angle of less than
7

I0 deg and a satellite weight reduction of about 4 tn 1

With materials and structural improvements, it is possible that the satel-

lite weights listed in Table II could be reduced many times, thereby per-

mitting several satellites to be orbited with the respective spacecraft.

6. SYNCHRONOUS ORBIT STABILIZATION

Recent analyses indicate that gravity-gradient stabilization at synchronous

orbit altitudes appears feasible. Moreover, studies by the Applied Phys-

ics Laboratory of The John Hopkins University in connection with the

Transit satellite also indicate the promise of gravity-gradient stabiliza-

8
tion at synchronous orbit.
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Figure 20 - Early Concept of Lenticular Gravity-Gradient Satellite with
Solar Sail and Damper
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Gravity orientation torques need only be large enough to overcome dis-

turbing forces in a reasonable time. The primary cause of satellite

perturbating forces are nonsymmetrical solar radiation pressure forces

on the satellite structure and the reaction forces resulting from the solar

sail subsystems. As shown in l_eferences 3 and 8, the gravity-gradient

._ Z is the orbital
restroation torque is T = 3/20_ ° (Ix - [z) sin 20, where 0)O

frequency, I and I are the moments of inertia of the boom and trans-
Z X

verse axis, and 8 is the angle of the boom axis with respect to the local

vertical. Because restoration torque varies as the cube of the ratio of

the restoration torque at synchronous orbit for a given satel-orbit radius,

lite is

5440 _3

22700/

or i. 36 percent of that for a 2000-naut-mi orbit.

be compensated for by the following techniques.

This loss in torque can

I. Selecting satellite surface material to minimize

solar pressure perturbation torques, such as the

highly solar radiation transparent wire grid ma-

terial of the subject lenticular satellites.

2. Increasing the length of the lightweight booms.

3. increasing the mass at the end of the booms or

minimizing the weight of the wire grid reflection

lens.

"7 SOLAR SAiLiiqG _uINI)AMENTALS

The following discussion is presented to promulgate the solar sailing con-

cept and to show the general boundary constraints associated with solar

sailing.

A lenticular gravity-gradient satellite with a solar sail and gravity-

gradient stabilization system is shown orbiting the earth in Figure 21.

For circular orbits the period and angular velocity (0J) are related to the

specific energy (E)* of the orbit in accordance with equations (I) and (IA).

The satellite's position and period can be changed by adding or subtracting

energy.

*Sp----'ecificenergy = satellite' s energy divided by weight.
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/ _ - BOOM / X

!

\

\
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/-
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Figure 21 - Solar Sailing Fundamentals

-711-



3/z

107

R 3/?- radiankJ
s/day (i)

E

R 1

R 2
o ft.Ib

R R ft ib

o
O

(iA)

As discussed in Reference 2, the solar radiation pressure acting on the

satellite structure can add or subtract energy from the satellite. The

pressure exerted on a structure is proportional on the electromagnetic

energy density in the region of the satellite and is equal to 1.94 × l0 -7

ib/ft 2 and I/2 of 1.94 X 10 -7 ib/ft 2 for a fully reflecting and absorbing

ideal perfectly reflecting 10 5 sq-ft sail would be 2 X 10 -2 lb.

mu^ ^__:.__ _ .... ' --'- --'": ..... '"" .... bybc;LLfC_LILL_ CELL1 b@ conbroliecl,,,= u, ux_=, enei-gy of a _ulcLi" _ailiilg

changing the sail area or the satellite surface electromagnetic energy

reflectivity and absorbtivity characteristics while it is traveling toward

and away from the sun.

Equations (2) and (3) indicate the distance traveled by the satellite and the

maximum change of specific energy rate (E) available when the sun is

pushing in the direction of satellite velocity i00 percent of the time.

Q

d = Z.24 X 10" ft/day (2)

-7
E = d X 1.94 X I0

435 ft.lb

_o ft2 day

(3)

A satellite with a sail area of S sq ft and a weight of W ib could have the

specific energy increase indicated by equation (4):
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S
N _ N B ft/day (4)

B is a general efficiency factor less than unity that depends on such things

as satellite surface material, sail angle with respect to the sun, and ratio

of time sailing toward and away from the sun.

The total energy of the orbiting satellite (E) is equal to the initial energy

(Eo) - the energy disregarding solar pressure effects - plus the change of

energy (Et) due to solar pressure effects. This relationship is expressed

in equation (5) where t indicates time:

E = _. + _ t (s)
0

From equations (5) and (i) the angular velocity achieved in solar radiation

pressure environment can be obtained.

a; = 107 - Ro ,jL

= I07

I Et ]3/2

L o\ _1.1

(6)

Since

<<t LL R ° (7)

1 radian s/day_ _ _o -

1
R 0

{8)

Integrating (7) yields the total angular displacement capability 8.
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8 = _0 t- radians (9)

R 0 -

and rearranging

0 -0J t = - radians (i0)

o R 0 -

where O - &0 t is the angular displacement capability capability caused by
o

solar pressure forces acting on the sail under the above constraints.

Substituting the value of E from equation (4) into equation (I0) yields equa-

tion (II ):

8-0) t =
o

-(3/4X435)(S/W) Bt 2

Z.Z )< 10 -5 B(S/W)t 2 radians (II)

To indicate how O - o) t varies with orbital altitude,
o

bined with equation (ll) to give equation (12).

equation (1A) is com-

For synchronous orbit,

R
- 6.61 ,

R
o

S
m= 50
W

B is assumed to be 0. I .

if t = 30 days, the angular displacement caused by solar radian pressure

0 - 0) t is = 0.358 radians or an average of about 0.68 deg per day. This
o

example indicates a capability of sailing the satellite about I000 miles a
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month. If the S/W is increased by using a larger sail, more distance

could easily be covered.

MAGNETIC TORQUING

Magnetic torquing appears to be a promising method for orienting the

solar sail with respect to the sun because the earth's magnetic field vec-

tor is relatively constant with respect to the earth for equatorial orbits.

Although sunstorms effect the earth's magnetic field, it appears that

magnetic torquing of a synchronous orbit quasi-stationary satellite is

much simpler than for other orbits.

The satellite can be torqued by using a current_carrying wire coil inside

the hollow unfurlable sail support tubes. A flow of direct current through

the coil will align the satellite, like a compass needle, with the earth's

magnetic field. A reversal of the current will align the satellite in the

opposite direction. A coil is also provided in the adjacent pair of booms

provzuu _n _±igz_ir1=i_ iJua_L_u_, _ 7_ deg ...... the p .............

tation or sail locking to the earth's magnetic field can be accomplished

by the remote control of the coil currents via a command link from the

ground. Power for the coils is supplied from a battery-solar cell supply

located in the canister, which is normally secured to the ends of the boom

quadropad. At the present time studies are being made to determine the

e.+_+ _¢ =_;] +_-_,,_ _-_q,,_,1 {n_- _ pzarticahle orbital placement and

station keeping system. Power requirements and coil weights appear

quite modest, since a satisfactory torquing period is on the order of hours.

In fact, one turn of 18-gage copper wire carrying a current of one amp

satellite. With this arrangement the power consumption during torquing

will be less than I0 w.

. BENEFITS OF SYNCHRONOUS ORBIT

Synchronous orbit satellite systems have the following advantages.

I. Only one ground antenna per terminal is required.

2. Antenna steering system is simpler and less ex-

pensive, particularly for very large antennas.

3. Lower receiver system noise temperatures can be
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achieved at many stations since the antennas do not

have to be operated at low angles above the horizon.

4. The satellite's radio reflection cross-section-to-

mass ratio is improved about 100 to 1 over very

low orbits.

5. Solar sail orbital placement and station keeping

techniques are greatly simplified.

6. In the broadcast mode inexpensive high-gain re-

ceiving antennas can be used.

7. Multiple access bookkeeping and common satellite

availability problems are solved automatically by

the system geometry and wide inherent bandwidth

capability of passive satellites.

8. Less interference to other services is expected

because of the essentially fixed position in space

of the satellite.

9. Doppler frequency shift would be minor, thus per-

mitting simpler receivers and more efficient use

of the frequency spectrum.

10. Because of ease of acquisition and bandwidth avail-

ability, the satellite could be used for the trans-

mission of time signals, navigation, etc.
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SECTION V - CONCLUSIONS

Passive communications satellites show great promise, but more research

is recommended to enhance the technology in the areas of proving and imple-

•-_..entingsatellite system capabilities. Further work is recommended in the

following areas.

Stabilization

Mat e rial s

Reliability

Microwave

Models

Solar sailing

Systems

With additional research and development, passive communication satellites

show promise of being more economical than active satellites for many appli-

cations.

Lenticular gravity-gradient satellites, because of their inherent long life,

capability to provide broad connrnunication bandwidths and ability to operate

with thousands of inexpensive terminals, tr,_ly have the promise of providing

a passive satellite communications system for all nations.

In closing, it appears appropriate to point out that the technology and philoso-

phy derived from airship implementation experience has been of great assist-

ance in realizing practical satellite designs.

The philosophy of Count yon Zeppelin is as appropriate for gravity-gradient

stabilized, solar sailing passive communication satellites as it is for airships.

"The forces of nature cannot be eliminated but they may

be balanced one against the other. "

Count von Zeppelin

Friedrichshofen, May 1914
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